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ABSTRACT

The Spectral Ocean Wave Model (SOWM) in use at the Fleet
Numerical Oceancgraphy Center since 1974 has been used to
produce spectra for a 20-year ocean wave climatology for the
Northern Hemisphere oceans. The data sources and concepts
used to develop the computer model are described; and the
equations and computer program structure for the model are
given in this report. The accuracy of the mcdel is evaluated
by analysis of studies that used spacecraft radar altimeter
measurements of significant wave height and by comparison of
predicted and estimated frequency spectra and significant
wave heights. This report also describes sampling varia-
bility effects and incorporates them into the interpretation
of the accuracy of the model specifications. In addition,
rapid spatial and temporal variations of actual waves that
are not reproduced by the model are documented; and possible
errors in the specification of swell are suggested. With
care in interpretation, a SOWM wave climatology, which is in
preparation, should prove to be more accurate than those
based on conventional ship reports.

ADMINISTRATIVE INFORMATION
The work reported herein was conducted in support of the David W. Taylor Naval
Ship Research and Development Center (DTNSRDC) under Contract No. N0O167-80-M-4781.
It was funded under Program Element 62759N through the Surface Wave Spectra for
Ship Design Block Program SF-59-557 for which DINSRDC is the lead laboratory and

under the Naval Oceanography Command Detachment (Asheville, N.C.) Work Request
Number NABODA-GO0215. At DTNSRDC it is identified with Work Unit Numbers 1500-382,

1500-300, 1568-838, and 1568-844, respectively.

METRIC EQUIVALENCY TABLE
Throughout this report, those values given in the original source in non-.
metric units have usually been provided with their metric equivalents in parentheses
or by means of duplicate scales. For completeness, this brief conversion table is

provided.
To convert from To Multiply by
degrees latitude kilometers 111.1
feet meters ’ 0.3048
knots meters per second 0.514
millibars kilo Pascals 0.1
nautical miles kilometers 1.852
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INTRODUCTION
The Spectral Ocean Wave Model (SOWM) is a computer-based procedure for fore-
casting and specifying (hindcasting) the spectra of ocean waves in deep water at a

*
stated angular and frequency resolution for a grid of points on a global scale.l'z'3

Its three precursors were Hydrographic Office Pub 603.4 which was the first (hand
graphical) spectral wave forecasting model; an attempt to computerize the techniques
of Hydrographic Office Pub 603;5 and parallel research in France which evolved in
steps to the DSA 5 model for the North Atlantic.6 Presently, the SOWM, which
became operationa13 in December 1974, is used daily at the Fleet Numerical Oceanog-
raphy Center (FNOC) to nowcast (specify) the waves on the basis of observed winds
every 6 hours and to forecast the waves every 12 hours for up to 72 hours by means
of forecasted winds. Forecasts and nowcasts are made for the Northern Hempsphere
oceans only and do not include swell that has propagated into the Northern Hemi-
sphere from the Southern Hemisphere. The winds of the Southern Hemisphere are not
known with sufficient accuracy to permit either hindcasts nr forecasts.

Wave spectra have been produced by means of the presently opefational SOwWM
at ¥NOC. Meteorological data on winds and weather for some of the years in the data
base over the Northern Hemisphere were reanalyzed and used to compute improved wind
fields over the ocean.7 These winds were, in turn, used to compute wave spectra
for the grid of points of the SOWM.7

The final product of this activity is to be a spectral wave climatology for
the Northern Hemisphere, which is to be published and disseminated by the Naval
Oceanography Command Detachment (Asheville, North Carolina). In anticipation of
the publication of this climatology, one purpose of this report is to provide a
description of the SOWM in terms of the theories and programs that are available.
Another purpose 1s to provide quantitative informaiion on how well the model
specified the waves. The comparison of the data from the climatology with wave
observations is limited to only a few examples. Other examples of the comp..
of other wave model da;a to wave observations are given to suggest ways to cor-

the wave climatology to actual data for additional verification purposes.

*A complete listing of references is given on page 179.
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DEVELOPMENT OF THE SPECTRAL OCEAN WAVE MODEL

GENERAL COMMENTS
The development of the SOWM required as a precurscr an adequate descriptiom,
based on observation, experiment, and reasoning, of the waves on the ocean. A

e B SR R W L

description of waves based on observation and reasoning is a theory;8 and a weve

forecasting model based on experiment and observation is empirica1.8 The SOWM has
been called "a physical-empirical model,"9 and a "semi-empirical (model) in which

the theoretical developments can be accommodated in the best tradition of engin-

eering."*lo

» There do not seem to be any theories about the physical world that are
/ not based on observation and experiment, and, thus, all theories are ultimately
empirical.

If observations and experiments do not agree with a theory, one possibility is
that the theory is incorrect. The other is that the observations were incorrect
and that the experiment was not properly designed. One might wish to derive an
entire theory of waves starting with the (empirical) hydrodynamic equations of

motion; however, a theory derived from this basis will be a long term effort.

MEASUREMENTS AND ANALYSES

4 The ability to estimate the spectrum of the waves from an ocean wave record

? was the essential first requirement for the development of the SOWM.ll’lz The
concepts that: (1) a wave record is a sample from a population, (2) the frequency
spectrum resolves the total variance of the random process into frequency bands,
(3) it is an "estimate" of the true spectrum, and (4) sampling variability can be
substantial are all essential in understanding waves, wave forecasting, and verifi-
cation of wave forecasts.

Wave records and spectral analysis techniques for these records were also
needed. It was recognized that conventional ship reports of wave height and period
é were virtually uaeless.l as confirmed in recent studies.9 and 80 the SOWM was based
: upon the only high quality data then available, which were waves in.nurcd by the
: Tucker Shipborne Wave Recorder.13 as archived by the National Institute of Oceanog-
§ raphy in Great Britain (now the Institute of Oceanographic Sciences). The data that
L were used were spectrally analyzed, corrected for high frequency response, and

L I Fop—

published as 2 series of three reports.14 Each of the spectra that were analyszed
were also provided with upper and lower 90 percent fiducial confidence intervals,

*"Engineering: science, work or profession of an engincet".s
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with the total degrees of freedom of the estimate of the variance, and with
confidence intervals on the significant wave height. (See Figure 12.9 of Reference
15). These data have been used in numerous studies at DTNSRDC.

The spectra hindcasted, specified, and predicted by the SOWM have never been
verified. The handful of scientifically measured wave properties from which
directional spectra can be estimated are too few to permit attempts to verify the
SOWM. There have been no direct quantitative comparisons of directional spectra
estimated from wave data with SOWM spectra, but this may soon become posaible
because some properties of directional spectra may become available from the
National Data Buoy Network.

Time histories of measured waves yileld estimates of frequency spectra to be
compared with the SOWM product summed over direction. A 20 minute wave record
does not provide’ptecise information on the wave spectrum. Typically, a spectral
estimate is not known to within a factor of two., The significant wave height,
estimated from a 20 minute wave record, is typically unknown to within * 10 percent
to * 20 percent. Verification of the significant wave heights and the frequency

| spectra from the SOWM require the careful consideration of sampling variability

effects. Random effects cannot be predicted; only averages of random effects can
be interpreted by means of statistical procedures. If frequency spectra estimated
from wave data agree within sampling variability effects with a corresponding SOWM
frequency spectrum, then the model is only partially verified. Many differgnt
directional spectra could have produced the same frequency spectrum. Conversely,
if the model frequency spectra and the estimated frequency spectrum do not agree,

then some part of the model is incorrect.

BOUNDARY LAYER WINDS

Forecasting ocean waves has always required knowledge of the winde over the
ocean. In general, prior to the SOWM, these winds were both inadequately measured
and inadequately analyzed. Efforts to define the winds more accurately over th§
ocean received new insight in the work of Thomasell and Welah.l6 who first
corrected wind fields for the wide variation in the heights of anemometers on
weather ships. The development of an adequate planetary boundary layer model to
specify and predict the winds as a function of height above the ocean with greater
accuracy was an integral part of the development of the SOQH.17 Among its
accomplishments was the correction of all wind speeds to an effective neutral wind




at 64 feet* for all ship reporte where the anemometer heights were known. Thc SOWM
requires winds measured at 64 feet* above the sea surface corrected for the effects
of atmospheric stability. o -
The improved boundary layer models that resulted from this research contribute
to the improved wave specifications and forecasts of ‘the SOWM. However, errors in
the wind fields used by the SOWM both for wave specification and forecasting and |
for this wave climatology are probably the greatest source of errors in the wave
specifications and forecasts. Recent studies of this problem have provided new
insight and perhaps better observational and analysis techniques will be forthcoming

800nN.

THE GAUSSIAN WAVE MODEL

The theories upon which the SOWM is based are those with a short-crested

gaussian sea surface as a model as summarized by Kinsmanl8 and Neumann and Pierson.1

This requires the description of the waves by means of either a spectrum as a

function of frequency and direction or a vector wave number spectrum.19 Nonlinear,

and hence nongaussian,zo'u'22 wave properties have been studied in some detail and

corrections to both the spectrum and the form of the waves are possible to a certain

extent by means of these results.

FULLY DEVELOPED SEAS

One of the concepts, in the SOWM is that of a fully developed, wind-generated |
sea for which the wave spectrum is independent of fetch and duration and 1s a
function of the wind speed only. The form of the spectrum is based on the analysis
of the shipborne wave recorder data described above.14 The fully developed
spectrum23 is defined as a function of the speed of the wind for a neutrally
stratified atmosphere as measured at 19.5 meters because this was the height of the
anemometers on the ships that measured the waves.za This definition avoided the
problem of referring the wind to 10 meters by means of a boundary layer model at
the time; however, the problem has not gone away. Careful attention to the fact
that the height of a fully developed sea had been related to winds measured at
different anemometer heights partially reconciled the differences that were present
at the time.za’zs The spectrum for a fully developed sea used in the SCWM has been
verified by numerous investigators as to its general form, but some slight differences

in the constants can be found in the literature.

*64 feet = 19.5 meters.
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There have been a number of investigations that show that the high frequency

26,27 The very short gravity waves

gravity wave spectrum is wind speed dependent.
measured in tropical storms for example are much higher than would be modeled by

the spectrum originally used for the SOWM.2 Corrections for the high frequencies

have been incorporated in the present SOWM.

WAVE GENERATION

Also needed for the SOWM were improved theories for the generation of waves by
winds and those of Phillips,28 Miles.29 and Phillips3o were experimentally modified
to agree with observed spectral growths.31 This particular aspect of the SOWM has
been questioned from the very beginning, and the fact that the SOWM does not incor-
porate the theoretical effects of third order nonlinear wave interactions is one of
the major differences between it and more recent spectral wave forecasting

models.32’33

SWELL

It has been thoroughly demonstrated that waves generated by aan area of high
winds are dispersive as they propagate as swell into areas of relative calm.34’35
The kinetic and potential energy in a wave system propagates at the group velocitiles
of the spectral components. Even the most casual observation of wind-generated
waves on the deep ocean will convince one that an individual wave cannot be
followed for very long. Debatable at the time of the devefopment of the first wave
forecasting methods was whether or not frequency and angular dispersion were all
that was needed to forecast swell. If additional attenuation was needed, it was
difficult to quantify, and in fact, one of the most careful studies found little,

or no, effect.35

DISSIPATION

As extratropical cyclonee pass a given point on the ocean, the waves seem to
be traveling in the direction of the wind, even as the wind shifts continuously to
all points of the compass. Conversely, in areas of light winds, wave trains travel-
ing in many different directions can be seen. The SOWM required some way to keep
the wave gpectrum from becoming isotropic in areas of rapidly changing high winds
and wind directions. There was very little theoretical guidance (and even today,
there is still not much), so this effect was modeled by the dissipation term in
the SOWM described later on in this report.

:
]
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COMPUTER EXPERIMENTS

The SOWM is also based upon experiment. These experiments were computer
experiments with the model to see how different assumptions about initial conditions
affected the growth of the spectrum and computer tests using the winds over the
North Atlantic generated by a boundary layer wind field to see how well the model
specified the waves measured at a British weather ship and the frequency spectra
computed from these measured waves, Figures 3, 4, and 5 of Pierson, Tick, and
Baer1 illustrate some of the first experiments to study the effect of dissipation
in the model and various growth equations.

There have been numerous changes in the SOWM since it was first described in

1966. The equations actually used at present will be documented in the following
sections,

DATA FROM SPACECRAFT

At the time the SOWM was developed, the techniques for meaguring winds and
waves from a spacecraft were in their first stages of formulation1 and the concepts
were ambiguous.36 An experiment on SKYLAB demonstrated that wind speed could be
determined by measuring the roughness of the ocean with a radar on a apacecfaft.37
SEASAT demonstrated that wind speed and direction could be accurately determined
38,39,40 The altimeters on GEO0S-3 and SEA-
SAT measured changes in the return altimeter wave form from which significant wave
41,42,9 The Synthetic
Aperture Radar (SAR) on SEASAT obtained images of low waves that were processed tc

from sea surface roughness measurements.
height could be computed along the subsatellite track.

yield something like, but not exactly, directional uavta‘spectx‘a.l.3 These data (to
be discussed in a later section) have been used to see how well various wave fore-
casting models compare with Northern Hemisphere wave measureucnta.g'“z""45

The sparsity of high quality data on waves and winds on a global scale, so that
waves can be described more accurately and climatologies of actual wave measurements
can be generated, may end in the decade of the 1980s. By the year 2000, the waves
on the ocean may be much better understood. Until then, the products of the SOWM

can help to fill the present void.

DESIGN OF THE SPECTRAL OCEAN WAVE MODEL _
There are many different computer based models of the atmosphere in existence
for forecasting the atmospheric citculation.46 A few are operational at the national

centers for weather forecasting. There have been many different wave forecasting
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models developed other than the SOWM, such as the sequence of DSA mode19,6 and a
*

large number of newer ones for limited arcas.47"8’49's° There are even special

modifications of the SOHM.51 None of these were designed from the beginning to be

global in nature. No two weather forecasting models are alike, yet they all perform
fairly well. The lifetime of a weather forecasting model is typically only a few

years before it is superseded by an improved model. There are ways to improve the
SOWM by means of higher spectral resolution, additional wave measurements, an
improved treatment of island effects, and computer experiments. The comparison of
different models with each other without, at the same time, comparing them with
actual wave data is not as productive as coamparing various models with actual

wave ueasurements.

The SOWM was designed with definite obiectives, and, at the same time, sub-
stantial restrictions on the allotted computer facilities and the time available
for an update and a forecast. As originally planned, there were to have been four
times as many grid points and twice the angular resolution for the spectra. The
computer program for this higher resolution model exists, but it is not operational.
Running time and memory allocation constraints made it necessary to reduce the
number of grid points and decrease the angular resolution.

The design of the SOWM can be stated as a set of objectives to be met by the
final computer program for the wave specification and forecasting model. The
statement would be as follows:

Within certain computer resources and within assigned time comstraints,
develop a wave specification and forecasting procedure that will describe the '
frequency-direction spectrum of the waves in deep water, with a reasonable resolution
on a grid of points over the oceans of the world, given the winds and forecasts of
the winds, by using physically realistic equations that account for the growth of
the waves, under the action of the wind, dissipation effects, and wave propagation
on a sphere.

The grid of points was laid out on gnomonic subprojections on an isosohedron
so as tc allow great circle propagation. The spectrum was resolved into 15
frequency bands of different band widths and 12 thirty-degree direction bands. The
tiﬁe step was finally chosen to be 3 hours consistent with the availability of
synoptic scale wind information over the Northern Hemisphera (at least).

*As examples.
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Once the grid, the spectral resolution, and the time step are chosgen, thcArcot
;- of the problem can be stated in a simpler way: given that the spectrum is correct
at all grid points at the time t = t, and given the winds at each grid point for
the next 3 hours (each a constant speed and direction), compute what the spectrum
will be at each grid point 3 hours later. -

In the SOWM, this is accomplished (1) by computing how much the wind generated
sea will increase or grow (if at all) during the next 3 hours at each grid point,
(2) by computing by how much the waves traveling against the wind (t 90 degrees)
will be dissipated, and {3) by computing how far each spectral component will
propagate at a representative group velocity along a great circle path in 3 hours

and then reassembling the spectra for the end of the time step.

For brevity, these steps are called "Grow, Dissipate, and Propagate." At the
end of the 3 hour time step, within the resolution of the model, the new spectra
at the grid points now represent the waves at t = to + 3 hours; new winds can be
used, and the processes of Grow, Dissipate, and Propagate can be repeated.

The SOWM has to be started up at some time. At that time, the spectra are
not known, nor for that matter are they even known as observed (computed from
measured wave properties) functions at all of the grid points of the model. For
this climatology, the SOWM was started up in the summer with zero values for all
spectral components. After a week or so, \real time), the spectra become believable
and were used in the climatology. The run for a preceeding year would, of course,
overlap in time the start up for 2 following year since the wind fields did not
become available in chronological order.

For wave forecasts, the SOWM is reinitialized every 6 hours by using 6 hour-old
spectral data and computing how the tcpectra changed on the basis of wind fields

computed from the available synoptic weather reports. Then, wave forecasts are

made by means of forecasted wind fields. Each wave forecast dcpends upon both the
accuracy of the past wind fields used to reinitialize the model and on the accuracy
{ of the wind field forecasts. Wind fie'.: forecasting errors do not enter as an error
source for the SOWM wave climatology given in this ducument,

UNITS
The units of the SOWM, used more or less consistently throughout, are feet for
wave height; feetz for variances; feetz-aeconds for frequency spectra; feetz-

secondswradians_l for directiconal spectra; knots for wind speed and the group
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velocity of spectral components; nautical miles and degrees of latitude for
distance; seconds, minutes, and hours for time; and seconds"1 for frequency.
Conversion to metric units would be facilitated if angles were expressed in "grads"

for latitude and longitude.

THE MAP PROJECTION AND THE GRID

The SOWM grid is constructed upon an icosahedron, which is a solid bounded by
20 equilateral l:riangles.52 For each of the 20 triangles, a gnomonic projection is
used. Thus, a straight line with any orientation on any of the 20 subprojections
is a great circle. On the sphere, the sides of the equilateral spherical triangle
intersect at an angle of 72 degrees, and, thus, 5 triangles meet at a common point.
On a map, the sides of the equilateral triangle meet at an angle of 60 degrees.*
Table 1 gives the pertinent data for the triangles.2 _

The triangles are not oriented in a simple way relative tc the latitudes and
longitudes on the earth. Instead, the icosahedron was located so as to maximize
the number of vertices on land. Figure 1 shows the 20 triangles as their vertices
and edges appear on a Mercator projection. Each triangle cévers exactly the same
area, and the marked area distortion of a Mercator projection is evident.

Two sides of a triangle form a natural set of axes for each subprojection and
the grid of points at which the SOWM spectra are computed is formed by the inter-
sections of equally spaced lines drawn parallel to the two chosen sides of each
subprojection (as shown in Figure 2).1 Each grid point, in principle, ought to be
representative of wave spectra anywhere within the hexagon surrounding the grid
point.

The great circle property is indicated by the fact that waves can travel to a
given grid point along a great circle path from any one of the six surrounding
grid points, thus accounting for six of the 12 direction bands in the model. The
other six direction bands have directions of travel halfway betwean those for each
of the primary directions. These spectral components are effectively treated as if
they come from a source on the inner hexagon surrounding each grid point at a point
halfway between two grid points. The distance involved is thus only about 85 percemt
of the primary distance (as shown in Figure 3).2

*1If each triangle is plotted as a gnomonic projection.
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TABLE 1 - PROPERTIES OF THE GNOMONIC PROJECTION ON A FACE OF AN ICOSAHEDRON*
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e

Area, 1/20th of the Earth's surface

On the Earth:
Length of side

Length of gltitude

Vertex angle (spherical)

On the Plane:
Length of side

Length of altitude

Vertex angle

Distortion relative to 1.00 at the
tangent point:

Radial - maximum (at vertices)

- mean (midpoints of sides)

Transverse - maximum
- mean
Areal - maximum
- mean
Distortion relative to 1.00 at the

midpoints of the sides (location
of mean distortion):

Radial - maximum (at vertices)

- minimum (at tangent
point)

Transverse - maximum
- minimum
Areal - maximum
- minimum

7.45 x lO6 gquare nautical miles
(25.55 x 10 square kiiometers)

63°26.1' or 3806 nautical miles
(7068 kilometers)

58°16.9' or 3497 nautical miles
(6476 kilometers)

72 degrees

4552 nautical miles
(8430 kilometers)

3942 nautical miles
(7300 kilometers)

60 degrees

1.58
1.15
1.26
1.07
1.99
1.23

1.37

0.87
1.18
0.93
1.62
0.81

*Agsumes spherical Earth of radius 3440.15 nautical miles (6370.66 kilometers).
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NOTE:

Figure

Any straight line is a4 great circle, The hexagon around the
circled dot shows the area represented by a grid point. The
inner hexagon of heavy dots and the ocuter hexagon of X's show
those grid points required to treat wave propagation effects
at the circled point.

2 - The 325 Grid Points on a Triangular Gnomonic Subprojection
for the Spectral Ocean Wave Model
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The great circle propagation property is not without its price, which has to
be paid in the rather complicated details of the propagation subroutine of the
model. The distances from one grid point to its neighbors vary as a function of
the location of the grid point on the subprojection., The true Earth distances
between grid points are smaller near the vertices and farther apart near the
centers of the subprojection. These varying distances must be accounted for in the
propagation of each spectral component.

Also, the great circle orientation of the grid points changes from one
triangle to the next. This property of the grid requires some complicated steps
so ‘that the waves can cross over the edge from one triangle to an adjacent
triangle.

Figure 4 shows some of the grid points of the SOWM that were used for the
production of this wave climatology. The triangular subprojection that covers
the Indian Ocean (not shown in Figure 4) has been relocated for the operational
version so as to cover more evenly that part of the Indien Ocean north of the
Equator. For the Northern Hemisphere, the Indian Ocean is isolated from the
other oceans so that the change has no effect on the model. (See Figure 1.)

Rows of points along the six primary directions can easily be identified.
Rows of points along the six secondary directions can also be identified. Some
interesting features of great circle propagation and of the way the triangular
subprojections interact can be seen. As examples, waves that approach Scotland
coming from the west-northwest could have been generated in an area of high winds
south of Greenland and due west of Ireland and could have started out traveling
toward the east-northeast. The lines of points that cross a triangle near the
center of one of the sides do not change direction from one subprojection to the
other by very much. Thus, swell approaching the border between Washington and
Oregon from due west could have started out from a typhoon to the east of the
Phillipines and north of New Guinea. One row of grid points lies just to the east
of the 180th meridian. It runs as practically a straight line north-south along a
longitude line, which, of course, is a great circle. A study of the grid point
patterns Iin this figure illustrate many other interesting featuves of great circle
propagation over long distances.

Many of the hand-graphical analyses of wind fields and fetches are made on
polar stereographic map projections. The above material suggests that sources of

waves identified by such analyses may be incorrect.
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Figure 4 - Spectral Ocean Wave Model Grid Points Plotted
on a8 Mercator Projection
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Figure 4a - Spectral Ocean Wave Model Grid Points for a Portion of the

North Atlantic Ocean Plotted on a Mercator Projection Showing
the Boundaries of the Triangular Subprojections
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Each triangular subprojection in the SOWM has 25 grid points, equally spaced
on the gnomonic projection, along each side. There are a total of 325 (25(25 + 1)/2)
grid points in the triangle, of which 72 are on the edges. Those on the edges are
used twice, and information about the waves in midocean 1s repeated for five
different triangles at their common point. There are about 1,575 grid points for
the Northern Hemisphere for which the spectra are computed. The land points within
each subprojection are assigned a coded flag to identify them. Grid points just
south of the Equator are treated as an artificial land boundary to provide

BIRNENBYS. o et o o

appropriate sinks for southbound spectral components and artifically fetch limited
waves for southerly winds at the Equator. No swell from the Southern Hemisphere
exists in the model, although it could actually be appreciable just north of the
Equator during the Southern Hemisphere winter.35

P

THE SPECTRAL OCEAN WAVE MODEL SPECTRA

THE FREQUENCY-DIRECTION ARRAY

The spectra in the SOWM represent integrals over certain frequency and
direction bands of a continuous function of frequency and direction, S(f,0), that

R T TR T T T

would be the spectrum with infinite resolution (unattainable) at each grid point,
There are 15 frequency bands and 12 direction bands so that the spectrum at each
grid point is represented by 180 numbers with units of (feet)2 as in Equation (1).*

e Bt 3

£, + 6£,/2 gt Aejlz
S(fi.ej) - J. S(£,6) dedf (1)

fi - Afi/2 eJ - Aejlz

e 7o S T R ST T T

The values of fi are not equally spaced on the frequency axis. More resolution
; is provided for lower frequencies than for intermediate and higher frequencies.
‘ The © 3 are 30 degrees apart and the 46 40 are all 30 degrees. On the gnomonic grid,
: the angles are constant, but in Earth coordinates, the angular bounds for the direc-
tion bands change continuously as a component propagates along.
The wave data that were analyzed in developing the SOWM were digitirzed every
1.5 seconds and the spectra were estimated for 60 bands between zero frequency and N
i a Nyquist frequency of 1/3. The elemental frequency band was therefore 1/180

*To convert to (metera)z, multiply by 0.0929.

; 18
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secoutl'1 The center frequencies for the bands are simply integexs, or integers
plus one half, times this elemental band.14

Table 2 shows the band number assigned to each frequency, the bandwidth (x180).
the central frequency (as a fraction and in decimal form), and the frequency range
covered by the particular band. The contribution to the spectrum for frequencies
above 0.375 hertz is negligible for wave height calculations.

Earlier versions of the SOWM had different frequency bands. Also, the highest
frequency band was carried to infinity at the high frequency end. In both the
current model and the past model, the highest frequency band is in instantaneous
equilibrium with the local wind speed and direction and is not propagated.z*

For many applications, it is necessary to have the spectral values. The
numbers in the output should be divided by the bandwidth, and if in directional
form by m/6, to obtain spectral values in units of feetz-second—radians-l.

The lowest possible frequency in the model, corresponding to a period of 27.7
seconds, was chosen on the basis of frequency analyses of wave records reported to
the National Institute of Oceancgraphy (NIO). Frequencies this low, or periods
this long, had not been detected in any of the wave data analyzed up to that time.
Such low frequencies require extremely high winds, long durations, and large fetches

for their generation.

THE FREGUENCY SPECTRA

The sum over all directions at a fixed frequency as in

S(£,) -_S_ S(f,, ej) 2)
8
3

is the equivalent of

f1 + Af1/2 L

S(fi) = s(fi.e) dodf (3)
£, - Afi/Z -

The frequency spectra can be compared with spectra estimated from wave recordings as

a function of time at a fixed point. It is important to compare the spectra band

*Band 2, £, = 37.5/180 is also treated this way.
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TABLE 2 - BAND NUMBER, BAND WIDTH, CENTRAL FREQUENCY (AS A FRACTION AND A DECIMAL),

,...
B st iaoie o o
.

PERIOD, AND BANDWIDTH BOUNDS )
Band Band Central Lower Upper
b Number Width Frequency f;l Ti Bound Bound
b x 180 x 180 x 180
§ 1 24 55.5/180 | 0.30833 | 3.24 | 43.5 | e1.5
E 2 12 37.5/180 | 0.20833 4.8 31.5 43.5
; 3 6 28.5/180 | 0.15833 6.32 25.5 31.5
g 4 3 24,0/180 0.13333 7.5 22,5 25.5
: 5 3 21.0/180 | 0.11666 8.57 19.5 22.5
6 2 18.5/180 0.10277 9.73 17.5 19.5
7 2 16.5/180 0.09166 10.91 15.5 17.5
8 2 14.5/180 0.08055 12.4 13.5 15.5

9 1 13.0/180 | 0.07222 13.85 12.5 13.5 f

10 1 12.0/180 0.0666 15.0 11.5 12.5 |

11 1 11.0/180 | 0.0611T | 16.4 10.5 11.5 |
12 1 10.0/180 | 0.0555 18.0 9.5 10.5
13 1 9.0/180 0.0500 20.0 8.5 9.5

14 1 8.0/180 | 0.044% 22.5 7.5 8.5 :

15 1 7.0/180 0.0388 25.7 6.5 7.5 |
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for band, as variances, for =ach band with the variable bandwidthk that are used in
the SOHH.53
For many practical applications, the SOWM spectra should be treated as & thfoc'
dimensional histogram-like figure with the constant spectral value assigned ovar the
polar co-ordinate plane in the region f, - Afilz to £, + Af1/2 and 93 - Aejlz to
Gj + Aej/2. It could be envisioned as being something like a cross between the
gilants causeway in Ireland and the ruins of a Roman ampitheater after an earthquake.
Thé values of the ej in the SOWM output represent the direction from which
the spectral component came in degrees clockwise from north. Each subprojection
of the SOWM has its own direction coordinate system and the output muat be trans-

formed to Earth directions.

SIGNIFICANT WAVE HEIGHT

A further summation of (3) over the 15 frequency bands yields, within a linear
model, the variance of a time history of a wave record, or the area under the
frequency spectrum, with units of feetz. The “E" value in HO Pub 603 was twice the
variance, and care should be taken to distinguish between the two.4 With the
further assumption that the spectrum is more or less narrow band and that the
envelope of individual cycles in the wave record has a Rayleigh distribution, the
significant wave height can be computed. The significant wave height is defined to

be Equation (4).

Hyjy = 4,00 (¢ 5(£,)% = 4 (@)™ )
The constant is not exactly four, differing from it at the fourth significant
figure, but sampling variability effects for the estimation of the significant
wave height from an ocean wave record so completely mask any calculation to four
significant figures that the value of 4 can be used.54

By definition, the significant wave height is the averege of the heights of
the one~third highest waves in an ocean wave time history. The value, 4, is
obtained by finding that value of the wave amplitude such that one third of the
wvave amplitudes exceed this value, normalizing the tail of the Rayleigh distribution
to unity above this amplitude, calculating the expected value of the amplitude for
this truncated distribution, and doubling it to get the significant wave height.

21
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Recently some questions have arisen as to whether or not the significant wave
height as defined above corresponds to the value that would be obtained by tabulating ‘
the wave heighta in an actual wave record and computing the significant wave height
from the one-third highest tabulated values. These questions in turn raise
additional questions about whether or not the Rayleigh distribution actually fits
wave data.ZI'sa'Ss
These questions are far from being quantitatively resolved, and the above
definition does fit most wave records reasonably well. In extreme seas, the high
waves corresponding to the tail of the distribution may be reduced in height by
breaking at the crests as they form. The significant wave height computed from

Equation (4) would then be an over estimate of the significant wave height.

THE FULLY DEVELOPED SPECTRUM

DETERMINATION OF THE SPECTRUM

If the wind blows with conatant speed and direction over a large enough area
for a long enough time, the waves should be in equilibrium with the wind with
generation and dissipation effects balanced. The spectrum of the waves should be a
function of wind speed only, if the added condition that no waves can propagate
into the area under analysis from some other part of the ocean is impcsed. This
condition is difficult to identify in nature. For light winds, waves from else-
where are usually present; for high winds, the area may not be large enough and the
wind may not have blown long enough.

Two subsets of data and wave spectral estimates from NIO were selected for
further analysis.24 One set was selected solely on the basis of the wind speed
being near 20, 25, 30, 35, and 40 knots; and all spectra for the same wind speed
were averaged. For the second set, the additional constraints that the wind
direction could not shift by very much prior to the wave measurement, that the wind
had to increase up to the speed used, that it had to have bhlown for a fairly long
time, and that there were no obvious sources of swell present were imposed. All
spectra for the same wind speed were averaged for this get also.

The averaged spectra for the two sets were quite different. The second set
followed a u2 law for wave height versus wind speed. The first had waves that were
higher than this for low winds and lower for high winds.

If the population from which the samples were drawn is well defined, than all
of the spectral esstimates for a given frequency band ought to have come from some

22
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chi-square distribution with a known number of degrees of fresdom and with an un-
known (but estimated from the average) expected value. Spectral estimates for the
sacond set nearly fulfilled this criterion and almost had the correct chi-square
distribution over the middle range of frequencies for which they were estimataed.
The spectra from the first set obviously were not a sample from a well defined
population. The result of this study yielded averaged spectra for postulated fully
developed seas for winds of 20, 25, 30, 35, and 40 knotl.24

If the fully developed spectrum exists, it cannot be a function of fetch or
duration and must therefore have a nondimensicnal form, which is a function of a

nondimensional frequency as in Equation (5).56

f=fulg (5)
A nondimensional spectrum wust satiefy Equation (8).
- = 3,5
S(f) = F(f) = s(f)g”/u (6)

After an adjustment to account for the variability of the reported winds for
each 5-knot class, a form for F(f) was selected as Equation (7).23

P@ - ape® TS Q)
From Equations (6) and (5)
S () = 2; AB _gig-e_ng4(u4f4)-l -.éﬁg? e—Bg‘(u‘f‘)-l ®
8 £f7u £
Also from
f=w/2n

9

2 b b, & &b
sw) du = 22 (2m)? B8 (M () T,
w

23
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The final result is Bquetion (10).23

oo

S(w) du = agzw-s o-scwo/“)4 dw : l(mo)
where
a=8.1x 102 and 8 = 0.74
and
w, = g/u
PROPERTIES

This spectrum has many interesting properties. For examples,

o
VAR = -[ S(w) dw = 2.809 x 107° ¢* (11)
o

- and

Hyy = .00 (VAR)® = 2.12 x 1072 u? (12)

with u in meters per second and H1/3 in meters, where H1/3 is the average of the
heights of the one third highest waves.

The spectral peak occurs at

¥
W, --% (ﬁ%) = 0.877g/u (13)
and has the value
S(u ) = 0.765 au/g’ (14)
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Thus, the frequency at the peak varies inversely as the wind speed, the
significant wave height varies as the square of the wind speed, the area under the
spectrum varies as the fourth power of the wind speed, and the peak of the spectrum
increases as the fifth power of the wind spced. As proportionalities, thus,

2

w vulandde vu? du
m m

2

n u” and dH A udu

Hy/3

/3

VAR " u4 and dVAR ~ u3du

and

S(wm) ~ u5 and dS(wm) "N uadu (15)

1f wave forecusting, contrary to the fact, were to consiat simply of relating
a fully developed spectrum to the local wind speed at each grid point of a model,
some interesting results can be found from Equation (15). For various wind speeds,
if the error in the wind speed specification is +2 meters per second, for example,
and for winds from 4.83 to 25 meters per second, the percentage errors in the various
spectral properties can be very large (as shown in Table 3). '

1f, for example, the true wind is 4.83 meters per second, and if the spectrum
for a 6.83 meters per second is forecasted instead, the wave height will be in error
by a factor of two (100 percent error), the area under the spectrum will be four
times too large (300 percent error), and the spectral peak will be 5.65 times too
high. Similarly, for a true 10.57 meters per second wind, if 12,57 meters per
second is forecast instead, the wave height will be 41 percent too high and the
area under the spectrum will be twice what it should be. For 13.45 meters per
second and 15.45 meters per second the spectral pesk will be twice as high as it
should be. The shapes of wave spectra and the variances computed from them are
thus very sensitive to the accuracy of the winds that generate the waves.

As also shown in Equation (15), the actual errors for increasing wind speed,
given the same wind speed error, are strongly wind speed dependent. The error in
wind speed is masked as an erro; in the frequency of the spectral peak which is

25
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insensitive to high winds. Height errors increase with wind speed; and spectral
properties are very sensitive to wind speed errors.

Another way to show the effect of wind speed on the spectrum is to consider
the ratios of W H1/3, VAR and S(mm) for 25 meters per second and 10 meters per
second. As the wind increases by a factor of 2.5, wy decreases by a factor of 0.4,
the wave height increases by a factor of 6.25, the area umder the spectrum increases

by a factor of 39, and the peak of the spectrum increase by a factor of 97.7.

THE KITAIGORODSKII RANGE
There is some evidence that the saturation range given by agzw-s does not really
exist at high frequencies. A spectral form given by Equation (16) then describes

the gravity wave spectrum at the higher frequencies.5

S(£) v u /g ‘. (16)
For the SOWM with u, in knots, the proportionality constant is 1.37 x 10-3. This
equation is evaluated for each frequency band; and if it exceeds the corresponding
values from Equation (10) (in units of feet2 with u, in knots), it is used for the
spectral value summed over direction.

Such a representation increases the wave height by very little. For wave

slopes and wave curvature properties, these models are inadequate. Some results on
wave slope and wave curvature at high frequencies and high wave numbers are

available.26'27

THE ANGULAR SPREAD OF THE SPECTRUM
The fully developed SOWM spectrum is also a function of direction relative to
the wind direction, 6%, It is represented in full by Equation (17)

2 4
SC, 0, u) = 3y e BO/8) 7 1pay, 8, w)] a”n

w

where

4
F(o, 0, u) = ;‘,-{ 1+ [o.s +0.82 o« WV/8) /2] cos (2(8-8%))
(18)

‘ 4
+0.32 o (w¥/ 3>A cos (4(9-9*))}
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for

_‘%-< 0 ~ B% < %-and zero otherwise.

The integral of F (w; 8, u) for any w and u over its range of definition for 6

A T R S

is clearly 1. For small values of w, the value of F becomes

[1 + 1.32 cos (2(6-6%)) + 0.32 cos (4(6-6*)ﬂ (19)

=3 f—

F(0, 8) =
which is zero at 6-6*% = * 7/2; and, for large w, it becomes
F=, 8) =+ [1 +0.5 cos (2(e-e*)ﬂ (20)

which is il-at 0-0% = t 7/2,
™

It should be noted that

§-(cos 6)4 =1 + ﬁ-cos 26 + L cos 46 (21)
3 3 3
so that, for low frequencies, Equation (18) varies as essentially as [cos(e—e*)]a.
The SOWM spectrum is more peaked for low frequencies.
As alternate form for the angular spread has occurred in the literature as

G(0) = G_ (cos 8/2)P (22)

properly normalized by G° with values of p around 16 for low frequencies in the
spectrum. These two angular spreading functions are compared in Table 4., The
slight difference betwzen these functions would be difficult to identify, especially
with the resolution of the SOWM,

THE SPECTRAL OCEAN WAVE MODEL SPECTRUM FOR A FULLY DEVELOPED SEA

Equations (17) and (18) can be used t> compute the 180 values in the SOWM
spectrum exactly for a fully developed sea, as designated by Su(fi. ej. u) as
defined by Equation (1), if the wind speed and direction are known. For example,
from Equatjon (10) with

28
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TABLE 4 - A COMPARISON OF TWO DIFFERENT ANGULAR SPREADING FUNCTIONS

(degre:ees) (cos e)" (cos 9/2)16

0 1.0 1.0

30 0.36 0.57
45 0.25 , 0.28
60 0.0625 0.100
90 0.0 0.004

|
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wy + A -5 = 21r(fi 4+ A -59 and so forth
(23a)
w, + A mi/2
S“(fi.u) - S(w) d w
wy - A wi/Z
o u4 g \
S, (f,»u) = — dJexp [-B( ) ]
i 4882 { u(wi + A wi/Z)
(23b)

oo [+ (et )

which yields the values of Sw(fi.u) in feetz, if g is in feet:-seconds"2 and u is in
feet-seconds—l. The values of o, B, and g can be combined and a transformation so
that u 18 in knots can be used so that Equation (23) can be computed directly. The
Kitaigorodskil range at high frequencies can be computed in a similar way if it is
needed. :

From Equation (18), with angles in radians, and ¢ replacing 6 as the variable
of integration

F(“t“o@)d¢ = G(u, w; 6, 6%)

- %.+ g%
(24)
u% [(9 + % - 9%) + H(w, u) sin 2 (6-8*%) + M(w, u) sin 4 (0-6*)]
where H(w, u) = 0.25 + 0.4] exp [-(wu/g)ﬁ/a] (25)
and M(u,u) = 0.08 exp [-(wu/g)V2) (26)

Suppose for example, that the wind direction is from 276 degrees and that the
eJ - AGJIZ are given by 166 degrees, 196 degrees, 226 degreea, 256 degrees,

30
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286 degrees, 316 degrees, 346 degrees and 6 degrees (+ 360 degrees), so that seven
N . values of S (f . e ) are needed.

; i The value of 35- 6% ig -186 degrees or -w(186)/180 radians., The value of -
' Sw(fi, ej) for the first angular band would be

S,(£;) [6(2nf,, u, 1961/180, 2767/180)]

the next value would be

Sm(fi) [G(ani, u, 2267/180, 276n/180) - G(2wfi, u, 1967/180, 276#/180%

: and so on. There would be 7 (x 15) = 105 nonzero values of Sw(fi, Bj) and 5 (x 15)
i = 75 zero values to define the spectrum. The significant wave height would almost
equal the value from Equation (12), if evaluated in the correct units for the wind
% speed used, except that it would be slightly higher because of Equation (16).

GROW

INTRODUCTION

At the end of a complete cycle of Grow, Dissipate, and Propagate, each ocean
grid point of the model contains 180 numbers that describe the spectrum at that
point at that time. The wind speed and direction have changed to a new value for
the next time step. The problem addressed by Grow is that of determining how much
the wind-generated part of the wave spectrum will change during the next 3 hours
¢ for the new wind.

The theories available to explain the growth of a wind-generated sea were
those that treated a turbulent wind field advected over an initially calm sea
surface.28 which explained how waves could be generated on an initially calm ocean,
a theory on how the wind extracted energy from a boundary ‘ayer logarithmic wind
; profile to generate waves,29 and en extension29 of this second theory by means of
1 turbulent effects that enhanced this second mechanism and made it stronser.so
; This theory could be called the Phillips-Miles-Phillips theory of wave
: : generation. It is essentially a linear theory in that the growth of each spectral
; : component is independent of the growth of any other spectral component and in that
; the waves cen grow to be infinitely high.

Sl o EER
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: Tests, even to the present time, seem to indicete that the mechanisms pro-

3 posed in this combined theory are too weak to account for the observed generatiom °
\ of waves. Alternate mechanisms involving a theory of third order, nonlinear wave

: L interactions have been set forth to try to explain wave growth.47 In the opinion
of the writer (as partially expressed in Reference 57), there are many problems
associated with these third order, nonlinear growth theories such that they do not
offer a correct explanation for the growth of waves on the ocean. It would have

been possible between 1966 and 1974 to have tried to paramaterize the nonlinear

theory, but this was not done.

THEORETICAL MODIFICATIONS

Instead, the functional form of the Phillips-Miles~Phillips theory was used
and the parameters and constants in it were adjusted, usually by making them quite
a bit larger, so that the observed growth of the spectrum for a given frequency
band would be reproduced by the growth equations. Because only frequency spectral’
estimates were available, only the integrated growth over all of the direction
components could be studied and parameterized.31 These functions went through
several cycles of analysis and improvement as additional data became available.
Each change was tested against actual synoptic scale wind fields and checked ageinst
actual wave height data for ccean conditions.

For a given frequency band in the SOWM spectrum with a given central frequency,

one can consider

e
w

This represents the sum over direction of all of the elements in the spectral array
at a given frequency and within 90 degrees of the wind directionm.

If there were no waves present in this spectral band at the time of the time
step and, if there were some wind, the theory would say that

d s(£))

_ET'L = A(f;,u) + B(£,,u) 8(£,) (28)
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with the initial condition S(fi) = 0 at t = 0. The solution to this ordinary
differential equation is

S = A(eBt-1)/B | (29)

where functional dependence on wind speed and frequency is understocd from Equation
(28). Note that

ds _

B
dt e

A ePt =« A+ BS (30)

A solution to Equation (28) exists even if B is zero, as in Equation (31)

S=At (31)

Waves generated by this mechanism alone would take an extremely long time to grow to
observed heights.

Equation (2) has the properties that, if A is zero, the waves will never grow
and that it is asymptotically equal to Equation (31) for small values of t, It also
predicts unbounded wave growth with increasing time. It would be possible to re~
quire that Equation (29) hold if

S(t) < S (f;, u) where (32)
Sw(fi, u) is the fully developed spectral frequency band and that
S(t) = S_(u) (33)
if Equation (29) exceeds the fully developed value. The effects, if they exist,

that limit a wind sea to the fully developed spectrum have an off-on property that
may not be realistic,

In the SOWM, the growth of a spectral frequency component is modeled by .

Equation (34) in an effort to slow down the spactral growth during the last stages
of the growth of each frequency component,
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98 - (al1 - (s/5)%1% + B8} 11 - (37507 (34)

where S = S(t), A = A(fi.u). B = B(fi.u) and 5, = s(fi,u). which is the value of the
spectral band for a fully developed sea for the present wind speed.
The solution of Equation (34) for S = 0 at t = 0 is given by Equation (35)

S(t) = A(ePt-1)/B[F(t)]™ (35)
aceBt - 1y 12
where F(t) = 1 + [-LGT-Q—)] (36)

For the early stage of the growth of the spectral component, the result of Equation
(35) is similar to Equation (27), but as t approaches infirity

S(E)/ .y = 5, (0) @37

That Equation (35) is the solution of Equation (34) can be verified by a few simple
calculations.

2

3, Bt .
f_l_:_AencF—!;_A(ez = 1)" g%
B° s
-4 B FE 1 - (s/s)?) (38)

- (ALl - (575021 + BS)e11 - (s/5)%)

At the start of the time step, t = to' the spectral band has reached the value,
sw(fi)' If the wind is too light, nothing at all is done in Grow, and the spectral
bands remain unchanged. If sw(fi) equals or exceeds sa(fi’“)’ nothing is done and
the spectral band remains unchanged. '

1f 0 < s'(fi) < 0.95 Su(fi' u), that frequency component of the wind-generated
sea must grow to a new value during the next 3 hours. The time, to' required for
the spectral component to have grown to the value Sw(fi) needs first to be found.

In Equation (35), everything is known except t, since s(to) - sw(fi)' The value of

34
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( The new value of the spectral component at to + At, where At is 3 hours is

B(to + At) b
sm,‘,w - A[e —1] /[B l-‘(to + At)] (40)

The right hand side of Equation (39) can be substituted into Equation (40) and i
the increase in the spectrum for 3 hours can be found.

A s(fi) - S(fi)NEw - sw(fi)
(41)

A[ePAt R - 1] )
BAt W
A(e"""R - 1)\2]%
B[l+( Bsw >]

This equation is the one programmed for the SOWM for a fixed time step of 3
houre. It is seen that the increase in the spectral component is simply a known
function of the 3-hour time step, A(fi,u). B(fi,u), sw(fi)’ and Sw(fi,u). The time,
t,s can be quite different for each of the spectral bands that may be increased
by Grow.

If 0.95 8, < sw(fi) <SS,

then
A S(£) = 8 (f,,u) - S _(f)) (42)

The increment in the frequency spectrum from either Equation (41) or (42) is
. then spread out in direction according to Equation (24) and the present wind
direction., As illustrated above, the fractions of the total area in 30-degroe steps,
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nroperly aligned with the reported wind direction and the direction bounds of the
irequency-direction components, are found for each frequency-direction band. These »
fractions, which add to one, times As(fi) are added to what is present in the

spectrum for each frequency-direction component.

For each frequency band, either six or seven of the direction bands will be
increased by this calculaticn. Only if the wind direction is exactly at the
boundary between two angular bands, will six angular bands be changed. All angular |
bands for each frequency in the spectrum are treated in this way except that those
§ for the highest two frequencies are always treated to be in instantaneous equilibrium
with the local wind.
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. THE FUNCTION A(fi,u)
g 3 The function, A(fi.u). is based upon the theory of Phillips
i :

28,31 4nd 1 a
58

modification of the equations and techniques used by Barnett™ in that additional
39,3 A neutral wind
profile and an assumed relationship between the roughness length and the friction
velocity are used to compute the wind at 6.1 meters (20 feet), from the wind at
19.5 meters (64 feet). Two different equations for A(fi,u) are used. Given a wind
at 19.5 meters in knots, it is converted to a wind at 6.1 meters and to the units

? data on its relation to the wind at 6.1 meters have been used.

: of meters per second.

Then
-1
Al(fi’u6.1) if wg ue 'y < 0.02
i | Alfyoug p) = a (43)
| A (£3:ug.1) 1F uy ug y > 0.02
% where
. F/Z
-14, 4 3 de
A, (f,,u, ,) = 2(1.438x10 " Dw, u 44)
1*"1%76.1 i76.1 Jo Ql(wi,u6.1,9)R1(wi,u6.l.8) |
F/Z l
, -12, 5.25 1,75 4 0 .
A2(f1’u6.1) 2(4.3x10 )mi Y6.1 J Qz‘“i'“a.l’e)kz(“i'“s.1'9) (45)
o
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and where
; ‘ Q - 0.2706(w1u;f1)2 + ((wig-1 sin )2 (46) i
| R, = 4.87x107° + (257! cos 0 - w,ug!)? (47) ‘
Q, = Q 48)
J R, = 0.1089wi'5 u;%is + (mig—l cos 8 - wiu;fl)z (49)
l and where

wy = ani,u6 1 is in meters per second and g is in meters second_z.

This integral is evaluated by finite differences as a function of 0 for a given

fi and ug - If the integral is defined over ~-n/2 to +wv/2, it must be defined as
° -1

an even function of 6, The function, A(fi,u), is essentially continuous at mi u6 1 -

0.02.

THE FUNCTION B(fi.u*)

The function B(fi,u*) was expressed as a function of u, (the friction velocity*)
and required an integration over 6 for the appropriate equat:lon.zg’so’31 The result
was a rather simple function that could be expressed analytically as a function of

fi and uv,. This function is given by

u 2
1070, Ky (—c-f - k3)
B(f,,u,) = k, e 1 +k (50)

1.08 i

where k1 = 15, kz = 7000, k3 = 0.031, k4 = 7836 and ks = 0.0004 and where B is in

*The friction velocity is a quantity used to define the wind profile over the
sea surface. It has the same direction as the wind and is defined by u, = (1/p) A
¢ vhere T is the stress of the wind on the sea surface and p is the density of the air. B
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seconds™. From Equation (39), B(f,,u,) is multiplied by the number of seconds in
3 hours (i.e., 1.0800 x 10“). In Equation (50), cy is the phase speed of the
spectral component with the frequency fi in the same units as u,.

DISCUSSION AND EXAMPLES

The value of Sw(f) was the result of all previous time steps for Grow,
Dissipate, and Propagate. It could have the value that it has from swell that
reached the grid point from quite a distance away; or it could have traveled to
the grid point from upwind over a large fetch of more or less constant wind.

The nature of Equation (35) is such that the early stages of spectral growth
are very slow as a function of time. Then, the exponential term takes over, and
the spectral component grows toward saturation, slowing down slightly just before
saturation. A special feature of the SOWM is that very small values of S(fi’ej)
are carried in all calculations so that the time required for the early stages of
the growth of a spectral component has already been accounted for in midocean.
These low values are discarded in archiving the spectra, but they are essential for
realistic growth in midocean.

With test values for the functions A(fi,u) and B(fi,u*) at an early stage of
the development of Equation (35), the growth of the frequency spectrum from calm
to fully developed was computed for an infinite fetch with an instantaneously
turned on constant wind.

One such result is given by Figure 5. Although each spectral band started to
grow at t = 0, the high frequencies grow the quickest and the sconest, and rapidly
reach the fully developed state. The duration-controlled spectrum grows from high
frequency to low frequency in a way quite similar to the way waves were grown as a
function of duration in HO Pub 603, In about 42 hours, this wind sea becomes
fully developed.

Contrariwise, in midocean for the SOWM, the initial condition is rarely
(sw(fi) = 0 for all frequencies. Some background spectral components are usually
present for many diverse reasons from previous time steps. Figure 6§ shows what
happens when a white noise fairly low background is present. The spectrum grows
very quickly to full development at that wind speed in 18 hours. This example is
over simplified compared to the actual variability of sw(fi) as a function of fi'

A long standing area of debate in the 1950 to 1966 time frame was concerned
with the fetch and duration required for a fully develcped sea. For example, for a
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wind of 40 knots (20.56 meters per second), some data and analyses for the eastern
side of the North Atlantic showed that only 18 to 24 hours were needed to reach full

60,61 Other data and other analyses on the western side of the North

development.
Atlantic suggested several days.4 Corresponding differences were also evident for
the required fetch. The suggestion62 that different initial conditions with low
background waves could account for such differences in the time for full development
and the required fetch led to tests in which the very low components were carried

along in the model as described above so as to result in this wave growth model.

A COMMENT

There is the possibility that S(fi’ej) as a function of ej for a relatively
high frequency would grow in such a way as to produce a bimodal function, if the
resonance mechanism A(fi,u) dominated the growth, as suggested by the form oi the
second term in the denominator. Except for the slight hint of a bimodal form in
the results of the Stereo Wave Observation Project, there are few data to support
such a possibility.19 For a locally generated wind sea, the lateral components of
the mesoscale turbulence could conceivably blur a bimodal form to the unimodal form

used in the SOWM.

DISSIPATE
For a SOWM spectrum at & grid point under analysis, there are often spectral
components traveling against the wind sea. The Dissipate routine attenuates those
spectral components traveling against the wind for each frequency direction

component , S(fi.ej). according to Equation (51)

K(8,)
[ - c(s)* fi"] J
e

SD(fi,e ) = So(f ) (51)

3 1'%
where sD is spectral component after dissipation, Sv is defined by Equation (27),
C = 690 is a constant with the dimensions of [T“ L_ll that accounts for the totasl
effect of 3 hours of attenuation when Sw ig in (feet)2 and fi is in seconds_l. The
power, x(ej). is dimensionless and equals 6 for the component that is traveling -
nearly opposite to the wind. It equals 4.5 for the next two direction components
on each side of the one traveling opposite to the wind. It equals 3 for the last

two that are involved and that are traveling nearly at right angles to the wind.
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Equation (50) is based on Equation (8) of Section 348 of Chapter XI of Lamb
(1932, 6th edition),63 except that wave number has been Jexpressed as frequency and
mwolecular viscosity has been modeled by a wind-sea-dependent eddy viscosity, which
in turn is wind-direction-dependent.

Thus, both the spectral growth equation and Equation (51) have treated breaking
as the most important effect in limiting wave growth and in attenuating waves. That
this effect is extremely important can be seen, at least qualitatively, in Figure
12.1 of Reference 15, Wave motion per se is dominantly irrotational, but the
turbulence that occurs as waves break introduces dissipative effects by means of
the interaction of a vorticity field with the wave motion. Being con:entrated
near the surface, these turbulent motions, must have their greatest effect on the
short, high frequency waves, which partially justified the dependence on the fourth
power of the frequency. The higher frequencies in the SOWM spectrum traveling
against the wind are rapidly eliminated by this dissipation mechanism.

Also, wave breaking is controlled by the height of the wind-generated sea so
that the exponential term in Equation (51) often varies as the square of the wind
speed. The dissipation term becomes increasingly more effective as the speed of
the wind increases and the local wind sea builds,

The wind direction dependence cannot be justified by the atove analysis. It,
in a sense, is partially based on the idea that dissipation could be similar to
Equation (29) with a negative time dependent exponential term and with an angular
spreading affect that would be most effective if the spectral component ran directly
against a local wind sea.

The constant, 690 and the values of K(ej) were determined by numerical
experiments In which a sequence of extratropical cyclones passed a British weather
ship that had obtained wave records. Without the dissipation effect, the waves

would die down after the passage of a cyclone to values that were too high. The
next cyclone would cause the waves to increase to values that were much higher
than those observed. After its passage the waves would be higher still after
dying down.

For a third, and final cyclone, the waves at the height of the generation
phase would be 20 to 30 percent too high, The values of C and x(ej) were adjusted
until the model wave heights and spectra tracked the observed (estimated) wave

heights and spectra for about a month.
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The same Dissipate mechanism was also used in a tropical cyclone model as
adapted tn a 24-direction spectrum, Equally good results were obtained for wave
height time histories and frequency spectra comparisons for this moclel""i1

The winds over the ocean vary in both speed and direction for each time step
of the SOWM. When combined with Dissipate and Propagate, the Grow part of each
time step responds effectively and realistically to these changes in the wind. The
wind sea spectrum at the start of the time step has virtually an infinite number of
initial values. Each of these initial values is chenged to & new set of values
that are usually lined up more nearly in the local wind direction than they were at

the start of the time step.

PROPAGATE

BEHAVIOR OF SWELL

Waves that leave an area in which they were generated and travel into an area
of relative calm are called swell. The hand graphical methods for wave forecasting
had difficulty with this concept in that the boundaries of the genmeration area were
difficult to identify and were usually over-simplified in the analysis of the wind
field and in that the swell emanating from the generation area was started toward &
distant forecast point at a more or less arbitrary t(ime., In the SOWM, the effects
of fetch and the dispersion of swell are accounted for in the Propagate part of the
model by translating the fields that result for each frequency-direction component
in the known direction along a great circle path at the group velocity of the
spectral component.

The choice of a gnomonic subprojection for each of the twenty triangles of the
icosahedron was made bacause of the need to propagate waves correctly over oceanic
distances. The difficulties inherent in any other grid system at that time seemed
to be prohibitive.

A spectral component, as an example, with a frequency of 0.05 Hertz (a period
of 20 seconds) travels at a group velocity of 30.3 knots (15.57 meters per second).
In 3 hours, it moves 90.9 nautical miles (168.3 kilometers), and in one day, it
moves 727.2 nautical miles (1346.7 kilometers), or about 12 degrees of arc along a
great circle. Some of the components generated in extratropical cyclones rapidly
(in a geophysical sense) reach the subtropical highs (where the winds are light),
travel through the highs, and on to the Equator.
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The process of dispersion, as a result of both the angular variation of the
spectrum and the effect of group velocity, is an on-going, ever present, physical
phenomenon. In the SOWM, the model never has to discriminate between sea and swell,
Fetch and duration-limited waves are automatically accounted for the repeated
application of Grow, Dissipate, and Propagate in contrast to more recent models for

which hybrid procedures have been developed.“’“’ﬁs’66

THE FREQUENCY-DIRECTION FIELDS

After the operations of Grow and Dissipate, the spectral values that result
from these two steps are rewritten into a different part of the memory in the form
of frequency-direction fields. Since there are 180 values for the spectrum, of
which 24 are treated to be in instantaneous equilibrium for two high frequency bands,
this requires 156 separate frequency-direction fields for each of the icosahedral
triangles that are involved in Propagate. To carry out the propagation step, it is
necessary to know the values of the spectral component at the grid points for a
given direction that are upstream of a particular grid point, downstream of a
particular grid point, and upstream of the upstream grid point as described pre-
viously in the legend of Figure 3. This last grid point is called the upper up-
stream grid point.

At the edges of each main triangle of the icosahedron, there is no information
on the downstream grid point for an outbound spectral component. In order to
provide this information, an additional row of pointe is used to surround each of
the subprojection triangles. The new, augmented triangle contains 28 points on each
side for a total of 406 grid points to be used in the Propagate subroutine. The
calculation of the spectral components for the rows of points on the augmented tri-
angle takes into consideration the changes in direction of the great circle paths
as the spectral components travel across the edge of a triangular subprojection
and transforms them to the triangle being analyzed.

For a primary direction of propagation, there will be a row of grid points
lined up along a great circle path in the direction of propagation of the particular
frequency-direction spectral component under analysis. For a secondary direction
of propagation, the upstream and downstream grid points relative to the grid point
being analyzed are treated differently. The points on the inner hexagon are shifted,
first one way and then another way, on alternate time steps as shown in Figure 3.
The value of the spectral component at a grid poiut is assumed to be located on the
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base of the triangle forming the inner hexagon of the grid, halfway between two
points of this hexaegon. The propagation distance is shortaned to the valua that
would be calculated for a great circle path along this base. The points for the
propagation scheme for the secondary directions of travel are closer together (in a
sense) then those for the primary direction. The program knows which of the two

shifts has been made, and they are alternated every 3 hours. It must be assumed: -
that the frequency-direction field is smoothly varying enough to permit the toggling
approximation.

The spectral values that lie along one of these great circle limes on the
augmented triangle form an envelope of values that represent the spatial variation
of the frequency-direction component. The.problem for Propagate is to shift this
envelope, without changing its form in the direction of wave propagation by an
amount that would correspond to having each spectral component travel along a great
circle path at its correct group velocity for 3 hours as given by the central

frequency in Table 2.

THE DISCONTINUITY FIELD

One of the most interesting features of thz arrival of swell at a distant
point is that it often appears suddenly. A wave record taken at a particular time
will contain no low frequencies, and a wave record taken 3 hours later will contain
these low frequencies which then indicate the arrival of swell with a distinct
arrival time from some distant source. The Propagate subroutine attempts to pre-

serve this feature of the arrival of swell by not permitting the envelope to sﬁread

out and become flatter as the waves propagate across oceanic distances.

In order to preserve this particular feature of the arrival of swell and to
model the effects of fetch as the spectral components propagate away from land,
each spectral value in the spectrum has associated with it, for the last six bits of
the word defining that spectral value, a number that varies between zero and one.
This number is the discontinuity value. If it is slightly less than one and greater
than zero, this number indicates that a discontinuity exists and has propagatéd '
that fraction of the distance from the grid point associated with the spectral value
toward the downstream grid point. If this number is equal to one, it iﬁdibatesvthat
no discontinuity exists, and the envelope of the spectral values for this particular
frequency-direction component is then translated in a different way because it is
relatively smoothly varying.
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The use of a discontinuity field is an attempt to treat varioua observed wave
effects within the constraints of the current model. Wind shifts at fronts, shadow-
ing by land features, and the relatively sudden deapening and filling of cyclones
can all result in sudden changes in space and time of the waves.

Since the spectrum was changed at each grid point by the Grow and Dissipate
operations, the discontinuity field that exiated at the start of the time step is
no longer applicable for the Propagate routine at some of the grid pointa. The first
step in Propagate is to repair the discontinuity field.

Discontinuity values, other than one, are associated with a particular grid
point for three different reasons. If that particular value in the spectrum is a
local maximum (that is, if the spectral values upstream and downstream of the grid
point are both less than the value at the grid point), there must be a discontinuity
ingserted for the upstream grid point and for the particular grid point being
analyzed. Similarly, if. there is a local minimum along this line of spectral values,
a discontinuity must exist at the upper grid point and at the grid point being
analyzed. The program checks to see if these local maxima and minima exist. Then
it checks to see whether or not the discontinuity values are equal to one. If they
are not equal to one, this particular feature existed for the prior time step and
no changes are made. If the discontinuity values for either the upstream grid point
or the grid point being analyzed, are equal to 1, the appropriate discontinuity
value 1is set equal to 0.5.

Discontinuities are also inserted wherever the values of the spectral component
change by more than 20 percent from one grid point to the next. If the absolute
value of the difference between two spectral components along the great circle
divided by their sum is greater than 0.4, a discontinuity value of 0.5 is inserted
at the upstream grid point under consideration, if it did not exist from the previous
time step.

For an offshore wind, the discontinuity field always ensures that there will be
a discontinuity between a land point that is upstream of a water point in the model.
This discontinuity value, if it does not exist at the start of the Propagate
routine, will be inserted because of the rule just described as soon as the water
grid point has a nonzero spectral value.

Changes in the spectral values caused by Grow and Dissipate can also produce
conditions fbr which a discontinuity is no longer needed. These discontinuitieé
are then removed by setting the discontinuity value equal to one.
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The flow diagram for the Repair D Subroutine is shown in Figure 7. An error

termination should not occur when the spectra are correct, and thus an error termina~-

tion indicates something drastically wrong with the spectral field.

THE PROPAGATION OF EACH FREQUENCY-DIRECTION FIELD

After the operation of the subroutine that repairs the discontinuity field,
each frequency-direction field will have associated with it both the values of the
spectral component for that particular frequency and direction and an indication of
the shape of the frequency-direction field along the great circle lines of propaga-
tion of that spectral component. Once the discontinuity field has been repaired,
the steps that are taken to change the frequency-direction field to one appropriate

for 3 houre later are as follows, as quoted with minor changes for Reference 2:

"propagation of the spectral variance field is accomplished in a subroutine
called MOVE3. The basic mode of propagation is by a linear velocity gradient
technique. There are four possible discontinuity configurations, which are:

Pt (1) no discontinuity,
: (2) wupstream discontinuities only,

(3) a downstream discontinuity only, and

(4) both upstream and downstream discontinuities.
Each frequency-direction field is propagated at group velocity depending on the
value of the discontinuity attached to each frequency-direction component cof the
wave spectrum. If no discontinuity exists, then the field 1s assumed to be
continuous and propagation can be done by means of an upstream velocity gradient;
however, due to the great variation in distance between grid points discontinuities
E will exist at many points in the field.
! "The propagation equations require the values of the spectral variances
S(fi’ej
points. If a discontinuity exists for a particular frequency-direction component,
the value of the discontinuity indicates the fraction of the grid distance beyond

) and the discontinuity at the downstream, upstream, and upper-upstream grid

the grid point that the compomnent has traveled.

"For a given pattern of discontinuities, one of four methods of propagation
can be used. They are the upstream gradient method, the downstream gradient method,
the upper-upstream gradient method, and (the) pure jump.

"Since the spectrum at each border grid point is duplicated in two subpro- !
Jections, and since it is necessary to have the wave spectrum at the upper-upstream
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grid point in order to perform the propagation calculations, only the outbound
directions on each side of a subprojection are propagated. It is then necessary to
reconstitute the full spectrum (on the edges of) each sub-projection after the
propagation calculations are complete before the next time step is started.

"The manner in which the spectrum is reconstructed is similar to the way in
vwhich the edges were bridged to construct the atmented triangle to start the pro-
pagation calculation. At each border grid point, the inbound directiomal compcnents
are, or course, the outbound compoments of the adjacent subprojection; each component
is transformed to the local coordinate system of the sub-projection in which it will
be used.

"The gnomonic projection presents severe problems regarding the areal distor-
tion of the projection. 1In order to account for this distortion, each frequency-
direction component is correctaed by an areal distortion parameter for the hexagonal
region represented by each grid point. (Parallel lines on a gnomonic projection
actually converge or diverge on the globe, and this correction accounts for this
effect,) In addition, the distances used in computing the various gradients are a
function of position on the gnomonic plane. ‘

"The (propagation scheme for secondary directions) must be modified in the
vicinity of coasts. For example;, for a secondary direction the grid points up~
stream are used on alternate time steps. If only one of these points is land, it is
possible that the discontinuity from the land point may pass the target grid point
on a toggle that is not used for the propagation computation at that time step. To
account for this possibility, it 1is necessary to examine both upstream points at
each time step. If the current upstream point is land, the computation proceeds
normally; however, if the current upstream point is sea, it is necessary to check
the value of the discontinuity at the alternate upstream point, If the discontinuity
will pass the current point on this time step, then the zero from the upstream land
point is jumped to the current grid point and the discontinuity reset to the
corrected value. The effect of this pi.cedure is to preserve the correct fetch
effects along irregular coast lines as well as to model the turning behavior around
headlands.

"Figures 8, 9, and 10 show the varicus methods used for wave propagation.
Figure 8 shows the calculstions used for the no discontinuity condition and the
downstream only discontinuity condition., Figure 9 shows the method for an upstream
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only discontinuity and Figure 10 shows the method for both upstream and downstream

' discontinuities."

i Figure 11 is a schematic example of conditions that might exist after the dia-
continuity field has been repaired at the start of the propagation subroutine. As
shown, it is hypothetically for the eleventh frequency band and the thixd direction
component, which is a primary direction. The actual distances between grid points
vary along the direction of propagation, but are shown as constant for the gnomonic
projection. For the 22 grid points shown, there are two land points at each end.
The spectral values are shown with an arbitrary scale as dots at each grid point.
They are very small compared to all of the others at Grid Points 19 and 20. (In
the actual SOWM, the grid points would have quite different values since they are
numbered sequentially starting in one corner.)
Grid Points 4, 5, 6, 9, 14, 15, 16, 18, and 19 have no downstream discontinuities

associated with them. The discontinuity is carried as a one in the computer pro-~

gram to indicate this fact.

Grid Point 1, a land point, has a discontinuity, Dl’ that has propagated
almost to Grid Point 2. The discontinuity has existed for at least one previous
time step. Grid Point 2 has a discontinuity, D2’ that was just inserted halfway
between it and Grid Point 3. Grid Point 3 has a previously existing discontinuity

that has almost reached Grid Point 4.

é Grid Point 8 shows a local maximum. It was just created by Grow and Dissipate;
é and D7 and D8 are halfway between Grid Points 7 and 8 and Grid Points 8 and 9. Grid
Point 1l shows a local minimum that existed for at least one previous time step.

The discontinuities DIO and D11 have almost reached their respective downstream

grid points. Grid Point 13 is a new local maximum with new discontinuities D12 and i

D

S ik be G

13°
Finally, the discontinuity at Grid Point 17 has almost reached Grid Point 18.

It will, in not too many hours, moving at a speed of 24,85 knots (12.77 meters per

second), pass Grid Points 18 and 19 and reach 20, perhaps as swell with a period of
16.4 seconds.
Grid Point 2 has both an upstream and a downstream discontinuity. From

; . Figure 10, D, (the upstream discontinuity) and D, (the downstream discontinuity)
are increased by the fractional part of the distance they propagate at group velocity

during one time step. The upstream discontinuity may be either less than or equal

to one or greater than one. i
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Suppose that it is greater than one. The discontinuity has passed Grid Point
2. The first F branch in Figure 10 is taken. The downstream discontinuity D2 has
also moved; and, in time, it has either not reached Grid Point 3 or it has passed
it. If D2 has passed Grid Point 3, the discontinuity at Grid Point 2 is set equal
to the amcunt by which D1 has traveled past Grid Point 2. If both D1 and D2 lie
between Grid Points 2 and 3, their average position is used.

The program continues to entry point A on Figure 9 and looks at the discontinuity
at the upper upstream grid point (Grid Point O in the example). The discontinuity
value for a land point surrounded by land points is one, and thus the spectral value
at Grid Point 2 is set equal to the value at Grid Point 1 (a land point), which is
zero.

On the other hand, suppose that Dl did not move past Grid Point 2. If the up-
stream discontinuity D1 moves past Grid Point 3, the discontinuity at Grid Point 2 is
set equal to 1; if Dl did not pass Grid Point 3, it is set equal to its new value.
The value of the spectral component in either case i1s not changed and the program
moves to Grid Point 3, still working with the original spectral values and
discontinuities.

Incidentally, Grid Point 1 is treated in the same way as water points. If the
downstream discontinuity moves past Grid Point 2, the new value of the discontinuity
is set equal to one half.

Grid Point 4 has an upstream discontinuity only. Either it will move past
Grid Point 4 during this time step or it will not. If it does not move past, the
T branch in Figure 9 is followed, the discontinuity value for Grid Point 4 is kept
equal to 1, and the new spectral value at Grid Point 4 would be decrcased by means
of the equation shown on the right hand side of Figure 9. In essence, & straight
line through Grid Points 4 and 5 is extrapolated to upstream. The line is then
translated as an envelope to the right at group velocity and the new value for the
spectrum at Grid Point 4 is found.

Grid Point 5 has no upstream and no downatream discontinuity. The new spectral
value at Grid Point 5 is found quite simply as shown on Figure 8,

The flow charts are slightly deceptive in that the spectral values are also
corrected for the effect of convergence and divergence of the great circle paths
during the propagate step., The spectral values are divided by an areal distortion
term before the calculation is made and multiplied by that term after the calcula-

tion to obtain the new value.
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The flow charts treat all possible contingencies exhaustively. The final
result, after applying the above logic to every single grid point for every frequency
and every direction, is a completely new set of spectral values and discontinuity
valuee at each grid point as contained in the frequency direction arrays.

These arrays must then be reassembled into the 180 values for the spectrum at
each grid point. The grid points on the sides of the triangular subprojection are
treated differently, as described above; but the final result is such that the winds
for the next 3 hour time step can be accessed and the processes of Grow, Dissipate,
and Propagate repeated once again.

If the winds over the oceans were to cease completely, Grow and Dissipate
would no longer change the spectrum. The row of grid pointé in the example is about
3045 nautical miles long. Repeated applications of Propagate would shift the
envelope to the right. In about 5 days, the discontinuity D1 would travel to Grid
Point 20 and all spectral values along the section would be zero.

For those spectral components in a frequency-dire<tion field that are traveling
away from land, this Propagate routine effectively takes into account the effects
of fetch withln the time and space resolution of the model. As soon as a gpectral
component that is one grid point in from land becomes nonzero for an offshore wind,
a discontinuity value will be inserted halfway between that grid point and the up-
stream land grid point. By the Propagate routine, the discontinuity will be shifted
at group velocity toward the water grid point. As soon as it passes the water grid
point, the spectral value will be set back to zero. A close inspection of the
behavior of grid points near land shows an oscillation in the values of the higher
frequencies as the spectra evolve from one time step to the next. Nevertheless, the
particular spectrul component can never get to be very high, because it is contin-
uously being erased by a zero propagating to that grid point from land. The lower
frequencies in the spectrum, as mentioned in the Grow section, take quite a while
to reach appreciable values. The effect of zeros propagating from land is to limit
the growth of the lower frequencies, farther and farther offshore, so that the high
frequencies are found near shore, in an offshore wind, but not the low frequencies.
One must look several grid points downstream during an offshore wind to find low
frequencies in the spectrum with any appreciable amplitudes.

Moreover, an area of high winds over the ocean can itself translate along at a
speed and direction equal to the group velocity of a spectral component, The
effective duration of the wind under such circumstances will be much longer than
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what would be calculated at some fixed point. The effective fetch would also be
much larger. It is difficult to see how a hybrid model could treat this effect.

Conversely, spectral components that are propagated toward land will eventually
reach a land grid point with this propagation scheme; and, when they do, they are
set equal to zero. Wave dissipation 1s accomplished therefore by destroying the
waves as they reach a coastline, just as if they were experiencing 100 percent
breaking and dissipation. There is no reflection of the waves from the coastline.
Similarly, for the Northern Hemisphere model, those parts of the triangles that
comprise the Northern Hemisphere that extend into the Southern Hemisphere, are
filled with land points, and any spectral component that reaches the Equator
effectively disappears, because the Southern Hemisphere is not present in the model.

The propagate part of the SOWM, in contrast to Grow and Dissipate, where the
continuous nature of the spectral function is preserved to a greater or lesser
extent, treats the various spectral components in a somewhat unrealistic way, in
that all of the spectral variance assoclated with a spectral component is pro-
pagated at a single frequency and in a particular direction. If the oceanic areas
involved are tvo large, something similar to what was illustrated in HO Pub 603
(on page 79)4 could occur to the frequency~direction fields that were generated in
a particular area of high winds. The frequency resolution for the SOWM is probably
good enough to prevent major discontinuities in the behavior of the frequencies,
but the angular resolution probably allows certain spectral frequency-direction
fields to spread apart and leave gaps between them after they have travelled a
great distance from the source. For this reason, swell may be too high in some
arveas of the trade winds and too low in others. The effect may actually be system-
atic because of the fixed angles for the angular resolution possible within oceanic
areas where high waves can be generated.

It 1s known that the Fleet Numerical Oceanography Center (FNOC) has been
testing a new version of Propagate for the SOWM with grid system based on latitude
and longitude that allows double the angular resolution of the currently operational
model. This should improve the product substantially. Future models may include

improvements that could make Propagate more realistic,

A FLEET NUMERICAL OCEANOGRAPHY CENTER MODIFICATION THAT AFFECTS PROPAGATE
The currently operational version of the SOWM at FNOC contains some additional
programming in the Grow part of the program that actually modifies the way the
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spectral components Propagate. For each frequency bend during Grow, some further
checks on the angular spread of the spectrum are made, if that frequency component,
Sw(fi)’ for the thirteen lowest frequencies exceeds the fully developed spectrum,
Sm(fi), for the current wind speed.

If the peak of the angular variation at that frequency lies within * 60 degrees
of the wind direction, and if it exceeds the sum of the two values cof the spectrum
one on each side, then the peak of the ‘angular variation is reduced and the values
on each side are increased, keeping the total over direction constant.

This modification affects any generated sea as soon as the wind speed decreases,
so that the spectral component no longer grows, and any swell with a following wind
within *+ 60 degrees of its direction of travel. As soon as the angular variation
at a particular frequency smooths out, the modification ceases to operate.

If a narrow band of swell, say of unit variance had no spectral variance on
either side of it, as a function of direction, and if it extended over several grid
points along its direction of propagation, then the application of this modification
would change (for S(fi,e - 30), S(fi,e), and S(fi,e + 30) equal to 0, 1, and 0
respectively) the spectral values to 0,125, 0,75, 0,125 after one time step; to
0.203, 0.594, 0.203 after two time steps; to 0,252, 0.496, 0.252 after three time
steps; and then cease to operate.

The objective of this modification is quite desirable along the lines of some
of the points mentioned above. However, there are probably better ways to accomplish
the desired features of the modification without such drastic changes in the
direction of propagation of the spectral components.

THE COMPUTER PROGRAM

The SOWM was programmed for computing machines that were developed between
1955 and 1965 and are in use in the 1966 to 1981 time frame. The faster, larger
capacity computers of today would permit shorter time steps, more grid points, and
a higher spectral resolution in anticipation of vastly improved wind fields and
wind field forecasts made possible by future remote sensing spacecraft. A great
circle propagation routine for a conventional latitude-longitude grid under test at
FNOC would result in a shorter computing time.

The present program at FNOC employs the equations and techniques described
herein, The details have been modified since it was documented in Reference 2.
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The (computer program for the) wave model is highly modular, counsisting of a
main program and 13 subroutines. Each routine performs a specific task of the
computation. The program for the reduced resolution model was originally developed
and tested on a Univac 1108. It was then modified so as to run on the computers at
FNOC and made operationa1.2'3 The details that follow are quoted, with minor
changes, from Reference 2.

"The input is the file containing the wind field. The output consists of two
files. The first file contains the complete two-dimensional wave spectra; the wind
speed; direction and wind stress; the~d;y, date, and time for the spectra; and their
location. The second file contains the total variance at all grid points for each
synoptic time of the calculation.

"Four files are required for the various tables used to describe the properties
of the gnomonic projection and the land-sea tables for the ocean in question. Two
files are used for the grid point adjacency tables and distance tables. Two tables
are vequired because of the zig-zag method used to describe the paths of the
secondary directions.

"Two files are required for the coefficients used by subroutines FIX 2 and
RECNST. These coefficients are needed to perform the coordinate transformations
from one subprojection to another.

"Finally, two files are used for land-sea tables. One file is used for the
land-sea tables for the basic subprojection and the other is used for the land-sea
tables for the augmented subprojections.

"Two scratch files are used for the wave spectra. The first file contains
the result of the previous time step, which serves as input to the current time
step; these spectra are input to the Grow and Dissipate phase of the program. The
second scratch file is used for the result of the Grow-Dissipate phase and as input
to the Propagate phase. The result of the Propagate phase is written back to the
first file to be used as input to the next time step. In the normal operation of
the program, the contents of this scratch file should be output as a forecast or
for climatology (usually for every other time step) and saved to be used for the
next time step. The size of the files for the wind field, the two output files,
and the scratch files depends on the ocean for which the model is being run.
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The program consists of the main program and the following subroutines:
1. INIT 8. REPRD2 .
é 2. GROW 9., MOVE3
o 3. CMPE12 10. RECNST
' 4. LODTAB | 11. PRNT
5. ATERM 12, GAVES
6. PACPRO 13. PRNTS
7. FIX2
"The Main program provides overall control for all phases of the model. There

are three modules to the program, the Grow module (which includes the Dissipate
calculation), the Propagate module, and the Save module.

"Subroutine GROW is a driver for the growth phase. This includes reading in
the wind field and the spectral fields, which are input to subroutine CMPE1l2, and
writing out the resultant spectral fields which are input to the next module.
Subroutine CMPE12 computes the new variance spectrum at each sea point based on the
value of the wind at that point. Subroutine CMPE12 has one function type subprogram
ATERM, which computes the "A" term for the spectral growth equations and subroutine

LODTAB, which has several tables of constants used by CMPEl12,

"The propagation module is controlled by subroutine PACPRO which is the driver
for this section of the program. The first thing that must be determined is the i
toggle key for the zig-zag scheme. This determines which adjacency and direction ;
tables will be used for this time step and which set of coefficients will be used
for the edge coordinate transformation,

"Each subprojection is processed in turn. This means that, as each subprojec-

tion 1s processed, it is necessary to know which edges of other subprojections are

adjacent to the current subprojection. In order to accomplish this, a table of
subprojection and side number is used. Once the correct subprojection is established,
another table is used to strip off the correct grid points to enable construction
of the extended edge of the augmented subprojection used for the Propagate computa-
tion., The spectra at these grid points are then transformed into the correct
coordinate system by subroutine FIX2.

"After all three sides of the subprojection have been processed, the results

are then appended to the correct frequency-direction fields, in turn, as the actual

Propagate calculations are performed. |
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"The Propagate calculations are done in two steps. First, the entire frequency-
direction field is operated on by subroutine REPRDZ to meke the necessary adjust-
ments to the discontinuity field as described in the previous section on Propagate.
Then, subroutine MOVE3 does the varioue velocity gradient calculations, or varia-
tions thereto.

"When all subprojections have been processed, the spectra at the grid points
on the edges must be reconstructed, because only the outbound directions on an edge
are propagated. This is done in much the same manner as the construction of the
extended edges for the augmented subprojection, except that only the in~hound
directions are used for any grid point. Subroutine RECNST is used for the recon-
struction of the edges. _

"The last section of subroutine PACPRO accumulates the total variance at each
grid point, writes the total variance field to the output file and calls subroutine
PRNT, which produces a printer plot of the significant wave height for each sub-
projection.

"The SAVES module is the last phase of the model. Subroutine SAVES constructs
the two-dimensional wave spectrum at each sea point and writes the spectrum, all
wind data at that point, and identification to the output file. Subroutine PRNTS
prints the two-dimensional spectrum at selected grid points.

"A time step is completed after the propagation module is finished. It is only
necessary to invoke the SAVES module for those time steps that are to be saved.

"The program is set up in such a way that only minor modifications at compile
time are necessary to specify what ocean of the world is to be the subject of the
computation. The layout of the icosahedral-gnomonic projection is such that the
North Pacific and the North Atlantic can be worked as separate computations. in
parallel, rather than being run sequentially.

"One of the major problems in the implementation of the wave model is that the
Grow-Dissipate phase requires the complete point spectrum at each grid point while
the Propagate phase requires individual frequency-direction fields. The result is
that between these phases of the program it is necessary to transpose arrays of the
form A (325, 12, 15) to the form B (15, 12, 325). This procedure places a very
heavy input-output load on the program, because any storage layout and file structure
that would be optimal for one phase is the least optimal for the other phase.
Currently, the data for each subprojection are organized as 15 records, each 325 x

12 in a random access file.
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"In addition, in order to minimize the storage requirements for the model both
the variance and the discontinuity value for a given frequency-direction component
are stored in one computer word. This facilitates data handling and reduces the
mass storage necessary for the model by a factor of two. The wmethod used is not
described in detail, because these routines are highly machine~dependent and should
be designed according to the architecture of the computer on which the model is
being implemented."

Flow charts and a program listing have been given in Reference 2 for a Univac
1108. For the North Atlantic, 94,000 words of main memory and 2,000,000 words of
mass storage are needed for the various files.

The SOWM computer program is used four times each day at FNOC.67

At 00z (or

00 GMT), the initial value specification is updated for the past 6 hours., Wave
forecasts are generated out to 72 hours, with both oceans run concurrently. Each
ocean requires about 3600 seconds of Central Processor Unit (CPU) time. At 06z,

the initial value specification is updated. At 12z, the initial value specification
is updated and forecasts to 72 hours are made. At 18z, the initial values are

updated for the past 6 hours so as to be ready for the 00z forecast.*

DATA RECOVERY

THE DATA BASE

For this 20-year wave climatology, as generated by means of the SOWM, there are
about 46,000,000 spectra. Each spectrum requires 180 numbers to describe it, plus
about 10 items of additional information. The wave climatology in its raw form
thus involves about 8,280,000,000 numbers, which is a incomprehensible amount.
Whatever is done to analyze, summarize, and synthesize this mass of data must also
simplify it. The climatology is really this full set of data, and the challenge is

to produce a useful condensation of facts and data for practical applications.

*Meteorological and oceanographic analyses and forecasts are usually made for
the nearest hour and referred to time as measured at Greenwich, England on the
zeroth meridian. Thus, 06 GMT means 6 AM Greenwich Mean Time. Another convention
is to use the abbreviation z for GMT. Consequently 0600 z, 06 z, 06 GMT and 0600
GMT all mean the same. The date and time, 1 January 1979 00z, corresponds to mid-
night Dec. 31, 1978. A 24 hour clock is also used so that 18 z corresponds to 6 PM.
GMT and z are used interchangeably throughout. For time different from the nearest
hour the minutes are given, as in 0637 z. For some spacecraft applications, a
more detailed time is needed, as in 06 h 37 m 21.7 sec.
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To do this, it is necessary to be able to retrieve subsets of these 46,200,000
spectra inexpensively. This is a nontrivial search problem that, once the data
became available, proved to be difficult. It appeared to cost more to recover a
particular spectrum from the archives than it did to compute them originally at
FNOC.

A data retrieval program was develcped by R.E. Salfi. It reduces the time and
cost for retrieving spectra by a factor of about 10 compared to what was originally
available. The retrieval program is described below, as quoted with minor changes

from Reference 67.

GENERAL DESCRIPTION

"The Spectral Ocean Wave Model Data Base Management System (SOWM-DBMS) consists
of two computer programs written in Fortran. The first program creates a set of
random access files and associated directories from the SOWM data as delivered to
David Taylor Naval Ship Research and Development Center (DTNSRDC) by FNOC; the
second program accesses those files and provides the user with wave spectra for the
specified time periods and locations in either the North Atlantic or Rorth Pacific
oceans., The SOWM wave data, as supplied to the DINSRDC by FNOC, is in a highly
compressed form and not readily useable in any practical sense, because the cost of
retriving the data in its original form far exceeds what would normally be expected
for everyday operational use of the data. The goal of this new system is to put
the SOWM wave spectral data into a form that is readily accessible to the user at
minimal cost, so that the staff of DTNSRDC can make routine use of the wave clima-
tology without incurring prohibitive costs.

"The indexing algorithm, which is the heart of the retrival system, uses sub-
projection, month, day, and hour as keys to compute the record number for both the
file that contains the spectral data and the associated directory file. The spectral
data are in File 20 of the program; the directory is File 21. These are parallel
indexed files that are used together to provide the shortest possible path length
to an individual spectrum. When the data are retrived by the retrival program, the
numbers in the spectrum are converted to the appropriate floating point format, and
the associated identification, wind speed, direction, meteorological wind direction,
the real earth directions of the spectral direction bands, and the one-dimensional
density, are computed and provided to the user in either printed or Fortran file

form, either formated or unformated.
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DESIGN CONSIDERATIONS

"Several factors had to be considered in the design of the SOWM-DBMS. First,
the system needed to be small, fast, and economical to operate. Second, due to the
large volume of data, the system should use its storage medium efficiently. Third,
because data are constantly being added to the data-base, the system needed to be
open-ended.

"In order to accommodate the open-ended nature of the data-base, it was
decided that a basic unit of one calendar year would be used. In this manner, new
years can be continually added on as they become available. This decision also
resulted in defining the file structure of the system, because all years are
structurally the same. All years are of 366 days and date keys are of the form
month, day, hour. .

"Typically, the user desires that the data be retrieved for some time period
at some set of locations. The data for each subprojection is stored as one record
in a random access file whose indexing key is of the form month, day, hour, sub-

projection.

DATA DESCRIPTION AND FILE FORMAT

"The indexing is done on the keys of month, day, hour, and subprojection. Onme
year for the larger ccean, that is the North Pacific, consists of seven subpro-
jections of the icosahedral-gnomonic map; that is, 10,248 records of information.
The data are stored in such a way that only the spectra at the active grid points
in each subprojection are retained. This goes a long way toward minimizing the
amount of space required. Furthermore, each individual spectrum is stored in a
compressed form consisting of two words of identification plus 36 words of spectral
values. Each of the 36 words consists of five 12-bit integers, which represent the
values of the wave spectrum, scaled by 100 and converted to integer.

"The basic data unit of the system is a 38 x 325 word array. However, because
no subprojection has the full set of 325 active points, the data are stored such
that only the active points are put into the array, so that the actual record
written to the file will be something less than 38 x 325. In order to accomplish
this, the data are stored in the array, and a subindex, which associates grid point
number to location in the data array, is created.

"The subindex is an array 326 words long. The 326th word is the actual number
of spectra in the 38 x 325 array. The other 325 words of the subindex act as
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pointers to individual wave spectra. That is, if one desires grid point 100, one
looks at location 100 of the directory array for the pointer that indicates where
the spectrum for grid point 100 resides in the 38 x whatever array, that was created.
Such a lookup table allows the data to be compressed in a very efficient form. Each
record written to the random access file contains the data for one subprojection for
a given time point. The index keys to the random access file consist of subpro-
jection, month, day, and hour. Year is an implicit index in that each file contains
data for only one particular year or part of a year.

"The SOWM-DBMS takes into consideration and is set up in such a way as to keep
storage space to a minimum, while providing as rapid direct access to the desired
data as possible. To this end, the system is geared toward one year of basic data.
That is, each file of the system consists of no more than 366 days, accounting for

leap years."

PRODUCTS OF THE SPECTRAL OCEAN WAVE MODEL

INTRODUCTION

Various products of the SOWM have been made available to scientists by FNOC
for studies involved with preliminary analyses of this climatological data, ship
trials, wave measurement programs, the planning of experiments and comparisons with

45,69,70,71%

buoy and spacecraft measurements. Such products consist of signifi-

cant wave-height-contoured fields for a given synoptic map time along with the
associated wind and pressure fields, time histories of significant wave height at
selected grid points, the full frequency-direction spectra for selected grid points,

and the frequency spectra derived therefrom.

WAVE HEIGHT VARIABILITY

A time history of the 6-hour variability of the significant wave height at
some selected grid point reveals the variability of wave conditions with time.69’70
Figure 12 shows the significant wave height in meters and the wind speed in knots
for the month of March 1968 at 58.3° N 12.3° W in the North Atlantic.69 It repre-
sents one of eight extreme wave conditions for the 10-year period from the summer
of 1959 to the summer of 1969. The significant wave height ranged from about 2

meters to 17.5 meters. The area under the spectrum would be about 76 times greater

*As examples.
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for the highest waves compared to the lowest waves during this period. From 17
March to 21 March, the wave height at this grid point went from 17.5 meters to 2
meters in 4 days according to the model. The wind speeds during the month varied
from 55 knots (28.3 meters per second) to 0.5 knot (26 centimeters per second) when
this occurred. From 11 March to 17 March, there appears to be a succession of
cyclones, each of which builds up the waves to a higher point than its predecessor.
Similar graphs for parts of November and December 1966 are shown for a grid
pyint near Weather Ship I (Station India) in Figure 13. Measurements of wave height
and wind speed at this weather ship are shown by the X's to be compared with the
SOWM specifications. The winds reached nearly 60 knots (30 meters per second); and
there is one 22-knot (11.3 meters per second) difference between the weather ship
wind and the SOWM wind which is not reflected in a large SOWM wave height error.
The peak waves are a little more than 12.5 meters high and the SOWM heights appear

to verify fairly well,.

SIGNIFICANT WAVE HEIGHT FIELDS AND VECTOR WIND FIELDS

A sequence of 11 significant wave height fields and 11 sea surface pressure
and wind fields are shown in pairs in Figure 14 through 35 as produced at FNOC68
with dates and times during October 1977. Except for 25 October 1977, there are
two wave height and two wind field and sea surface pressure charts each day for
most of the North Pacific.

The first pair of charts, Figures 14 and 15 for 00z 25 October 1977, show
three extratropical cyclones for the wind and pressure fields. Each full barb is
10 knots (5.14 meters per second) and a flag is 50 knots (25.7 meters per second),
so that two of the cyclones have 50 knot winds with a southerly component. Waves
with significant heights of 28.9 feet, 25.4 feet, and 48.2 feet (8.8, 7.7 and 14.7
meters) are assoclated with the areas of high winds. The height contours are
drawn for every 3 feet on these charts. The cyclone near 48° N and 168° E is the
one of interest in the sequence to follow,

The following day at 00z (26 October 1977) (Figures 16 and 17), the low off
Canada has disappeared and the one in the Central Pacific has moved north of the
Aleutian Islands. Westerly winds of 70 knots (36 meters per second) are shown to
the south of the Aleutian Islands. The SOWM shows 48-foot (14.6 meters) waves in
an area where they had been 12 and 15 feet (3.7 and 4.6 meters) 24 hours before.
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In 12 more hours, (Figure 18 and 19) the cyclone crosses the Aleutian Islands.
A wind of 85 knots (43.7 meters per second) is gshown. The SOWM shows waves 60 feet
high (18.3 meters) for this cyclone. The highest waves have moved eastnortheastward
about 300 nautical miles (550 kilometers). .

At 00z on 27 Octoher 1977, Figures 20 and 21, the high waves are still 60 feet %
high (18.3 meters) and have moved farther eastward. Winds of 80 knots (41 meters

per second) are still shown in the cyclonme.

Twelve hours later the cyclene has weakened (12z 27 October 77, Figures 22 and
23). Two areas of high waves (50 and 48 feet, about 15 meters) have formed, but
the highest waves have decreased 10 feet (3 meters) in height.

On 28 October 1977 at 00z (Figures 24 and 25), only a few winds are near 50 g
knots (25.7 meters per second). One area of high waves is off the coast of Canada.
Another has started to move southward.

The low center continues to weaken and eventually vanishes during the next {ive
pairs of charts with westerly winds in the Gulf of Alaska dying down to 30 knots
(15 meters per second), or so, by the end of the series. On 12z 28 October, 33-foot
(10 meters) swell has moved into an area with 15-knot (7.7 meters per second) winds

and 24-foot (7.3 meters) swell is only a few hundred nautical miles northeast of the

i g e

Hawaiian Islands. The 24-foot high swell passes to the east of the Hawaiian
Islands on 00z 29 October, reaching 10° N as 15-foot (4.5 meters) swell on 3C
October with little or no trace of swell by 12z on 15 October.

Whether or not some of the details of the pattern shown for the swell are real
or an artifact of the angular resolution of the model could be determined by using
the new higher resolution model under development for this same intense storm and ;
by tracking some of the individual frequency-direction fields during this period. i

These wave height fields are produced by a computer program that contours the
values of the significant wave height located at each of the grid points of the model
as given in Figure 4b. The actual SOWM heights appear to vary more erratically from

grid point to grid point.45 Also at times, the height contours do not appear to be
very realistic near land. The contoured product may have lost some of the informa-
tion in the original SOWM product on rapid gradients of wave height. It might make
‘ a useful study to experiment with ways to improve the significant height fields by
varying the closeness of fit to grid point values and accounting for the presence

) of land more realistically.
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SPEZTRAL OCEAN WAVE MCDEL SPECTRAL PRINTOUTS

Two examples of a SOWM spectral printout are shown in Table 5. The time, date,
latitude, and longitude of the grid point are shown first, followed on the next line
by the wind direction {(from which in degrees clockwise from north), wind speed in
kaots, the white cap production index, and the friction velocity in knots (as
defined in the subsaction on B(flu*)).

The spectrum is a 15 by 12 array of numbers. The next row across the top is
the spectral central frequency from Table 2 in seconds-l. The far right colummn
shows the directions from which the spectral components are coming. The zeros in
the 180-element array have been suppressed, but in the first spectrum tabulated,
there are 88 nonzero values to describe the frequency direction spectrum. The
entries in the table are the values of Equation (1).

The colum to the left of the direction columm, and just to the right of the
array, is the sum over frequency for a particular direction band. For this example,
the peak waves were coming from a band centered on 268.29 degrees. The sum of this
column is 192.48 (feetz) (17.88 (meters)z), which represents the total area under
the spectrum. The significant wave height, which is the last quantity listed, is
55.49 feet (16.9 meters) for this first example.

The sums of the columns are also listed directly under the array. When properly
plotted, these represent the frequency spectrum that might be obtained from a wave
record of the rise and fall of the sea surface at a point. The sum of the values
in this row is also, of course, 192.48 feetz.

The frequency spectrum is shown in Figure 36. For one scale, the area uunder a
unit frequency interval (Af = 1/180) is shown in units of feetz. When these values
are multiplied by 180, they then have the proper dimensions of a spectrum; i.e.,
feetz—seconds. The first seven values from low to high frequency are plotted as
tabulated. The next three are halved and plotted over twice the Af range. The
next two would be divided by three and plotted over three times the Af range, except
that the high frequency tail cf the spectrum is not shown. ’

The spectrum is shown in the form of a histogram. It contains exactly the
correct area for each frequency band. If the dots at the center of each band are
connected by straight lines, the resulting curve is misleading because (1) the area
under the curve is no'longer correct, (2) some of the variance has been shifted
incorrectly into other frequency bands, and (3) the false impression is created that
the spectrum has a peak at 0.05 Hertz.
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The detailed variation of the spectra over each frequency band is not knowm.
As an extreme example, the band from 6.5/180 seconds_1 to 7.5/180 seconds-1 shown
to be 1.13 x 180 feetz—seconds high might actually be zero from 6.5/180 to 7.45/180
and have the spectralivalue of 1.13 x 180 x 20 over the frequency range from
7.45/180 to 7.5/180,.

The peak of a spectrum with four times the spectral resolution could actually
be in the range from 7.5/180 to 8.5/180, although it is more likely to be in the
next highest band and to correspond to a wave period between 21.17 and 18.95 seconds.

The angular variability of the first spectrum in Table 5 can be studieﬂ in
terms of plots such as the one in Figure 37, which is again area preserving. Onmly
the lowest 9 of the 15 frequency bands are plotted as a function of 6 for each
frequency band. The highest two frequencies have been appropriately halved. The
vertical sceles are in feet:2 and should in principal be multiplied by 180 and
divided by n/6 to obtain the spectral values with units of feetz—secondSutadians‘l.

As a second example a spectrum for 09z 8 December 1966 at 58.59° N and 18.18° W
iz shown in Table 6.70 The significant wave height is 42.9 feet. The 180 spectral
values have been partially converted to spectral values by multiplying the numbers
corresponding to the previous table by 180 or by 180/2, 180/3, 180/6, and so on as
required. The variance summed over frequencies is in feet2 for each direction and
the total variance for the entire spectrum is 115 feetz.

The frequency spectra are given in three different forms. Had the entries in
the 15 x 12 array been divided by 1/6 the sums of each column would be multipled by
/6 to get the frequency spectrum in the first row. The first is S(f) in units of
feetz-seconds. The second is S(.) in units of feetz—seconds~radians-l. The second
row is simply the first row divided by 27 to convert frequency to circular frequency
and Af = 180~1 becomes Aw = 27 (180-1) so the integral is invariant. In the last
row the length unit has been converted to meters from feet by dividing by the square
of 3.281.

For many applications, the frequency-direction spectrum is wultiplied by some
kind of transfer function that is a function of frequency and direction. Division
of the original SOWM spectral listing by Af and A8 to get it into proper units,
then multiplying by Af and A6 after the transfer function is applied, and then
summing to integrate seems to require a number of useless calculations. The spectral

output of the SOWM can usually be used directly without going through this process.
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THE VERIFICATION OF SPECTRAL OCEAN WAVE MODEL WAVE HEIGHTS AND WINDS

THE WINDS OF THE SPECTRAL OCEAN WAVE MODEL

In order to produce this SOWM wave climatology, it was necessary fo reanalyze
the meteorological data base of ship and land reports of surface pressure and wind
speed and direction for the years involved.7’72 The SOWM can only be as good as the
wind fields that drive it. Wind speed errors as illustrated in Table 3 can cause
large errors in wave height forecasts and even larger errors in wave spectra. The
true situation is much more complicated for the SOWM (or for that matter for any
wave forecasting model), than is indicated in the discussion of Table 3.

Ships report winds for too short a time average, and there are additional
complications even in the "simple" problem of correctly measuring the wind near the
surface of the oceun., The wind measurements that were used to produce the SOWM
climatology are "state of the art,'" but improvements in the future are to be
expected.

A comparison of the wind speeds measured at ocean station PAPA, a Canadian
weather station in the North Pacific, and the winds thac went into the operationmal
SOWM model prior to 1978 in order to generate the wave spectra, has been made. A
semple for this ship shows tuat the actual winds were, on the average, three meters
per sccond hLigher than the analysls yielded at thac point; that the mean square
difference between the measured winds at PAPA and the winds of the model was seven
meters per second; and that, if the bijas was removad, there would still be a
standard deviation of six meters per second.7

These large discrepancies have been removed by reprocessing most of the
climatological wind fields so that they agree more closely with observed winds.
With the waves growing as the square of the wind speed, in a sence, one would
imagine that the wave forecast would be quite poor. However, on comparing the wave
heights produced by the model at a grid point near the ocean station vessel, it was
found that, for this particular sample, the waves were biased 0.l meters too high-
that the root mean square difference was 2.3 meters; and that the standard
deviation (obviously) was also essentially 2.3 meters. Further analysis suggested
that an interpolation to the location of PAPA would be cdesirable in comparing wave
height statistics for this study. The interpolated SOWM waves were biased 0.3
meter too high, the root mean square difference was 1.5 metcrs, and the standard

deviation was essentially 1.5 meters.
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These results clearly indicate that the winds are an important part of 'the
50WM. Unless they are correct, the spectra will not be very good. FNOC's efforts
to upgrade the quality of the wind fields used in the 20~year wave climatclogy to
generate the SOWM spectral wave hindcasts are an important part of the productiem
of this climatology. The starting point 1s a file of sea surface pressure filelds
for the year under consideration. These sea surface pressure fields were reanalyzed
by means of more modern boundary layer thecries and the ship report and land report
Jata on winds from the United States National Climatic Center. A substantial
improvement and an increase in the pressure gradients fcr the wind fields analyzed
for a particular day in the series was illustrated.71

A scatter diagram of the verification of the wind speeds that were used to
drive the SOWM model for this climatology, as compared to measured wind speeds for '
328 points for a number of different observing platforms for the North Atlantic and
the North Pacific oceans, has been published.72 This scatter diagram illustrates
the fact that the actual winds were about 2.4 knots higher than the winds used by
the SOWM, that the root mean square difference hetween the SOWM wind and the &ctual
winds was 8.5 knots, and that the standard deviation with the bias removed (which is
not done) was 8.2 knots.*

The reduced root mean square error, compared to the winds used on a day-to-day
basis at FNCC for operational forecasts above, is an important improvement. Never-
theless, the actual wind was at times stronger by a factor of three than the wind
used in the SOWM model; and, at other times, the actual wind was four ox five times
weaker than the wind used in the SOWM model.

Both of the studies are involved with the specification of the winds over the
ocean on the basis of observations; and, in a sense, the data used for verification
were not applled to the specification of the winds. Most analysis techniques for
the description of the wind fields over the ocean do a considerable amount of
smoothing. The density of the reports over the oceans from ships and from data
buoys leaves much to be desired in the specification of the winds over vast areas

of the ocean.

*1.2 meters/second, 4.4 meters/second and 4.2 meters/second respectively
compared to the 3 meters/second, 7 metere/second and 6 meters/second values before
correction.
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COMPARISON WITH DATA BUOY WAVE HEIGHT MEASUREMENTS .

The large scatter in the specification of the wilnds 38 not reflacted in a
comparably large scatter in rhe specification of ocean weve heights, contrary to
what might be concluded from Table 3. Three hundred and twenty-five obgrervations
of wave height by various instruments were compared with the wave heighte specified
by the SOWM.72 The SOWM waves tended to be 9.8-fuoct (0.2 meters) lower than the
waves that were measured (estimated) at the various locations. The root mean square
differeace between che SOWM weve heighin and the meagured wave heights was 3.9 feet
(1.2 meters); and the standard deviation with the bias removed was 3.8 fect (1.2
meters) . *

VERIFICATION OF SIGNIFICANT WAVE HEIGHTS BY MEANS OF WAVE
HEIGHTS MEASURED WITH A RADAR ALTIMETER ON GEOS-3

A short 15 (GE0S--3) or 3 (SEASAT) nanosecond radar pulse transmitted from a
spacecraft has a return pulse form that can be used to determine the location of
the sea surface relative to the center of the earth for geodetic and oceanographic

applications.73’74

The shape of the return pulse contains information from whick
the significant wave height can be found. It is possible co produce contiruous
graphs of the significant wave height along the subsatellite track of the orbiting
spacecraft.

Those who have been active in describing, measuring, hindcasting (or specifying),
and forecasting ocean waves well understand the impact that the capability demon-
strated by GEOS~3 and SEASAT to measure waves will have and the tremendous acientific
advances that will be possible, once these data are used routinely in an operational
way. Simply to obtain a set of data comparable to one single orbit pass that
requires only 10 or 15 minutes to travel from the Equator to landfall by any other
means would be prohibitively difficult. Without remote sensing techniques from a
gpacecraft, the only other way to cbtain such a data set would have been toc position
ships at every degree of latitude with ocean wave recorders on them along a line
such as in Figure 38, extending from the Equator to a continent in either the
Atlantic or the Pacific, and have them all make wave recordings of approximately
20-minutes duration simultaneously on a particular day at an agreed upun time,

The cost would be prohibitive, If it were don», however, by the time thc ships got

- —

*This result was obtained after correcting the wind fields and compares to
0.3 meters, '.5 meters and 1.5 meters before corvection.
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on station, it probably would be worthwiille to have them stay on station for several
weeks 80 as to obtain additional data. The advantage would be, of course, that

wave spectra could be obtained from the records, whercas current remote sensing
techniques provide only an estimate of the wave height. "

Even if an experiment of the type hypothesized above could be carried out, it
would still not be possible to repeat it enough times to obtain the global coverage
that was obtoined from the spacecraft, SEASAT, during its brief lifetime. The
capability to study storms and storm waves in any ocean at any time with a 12~hour
separation betwzen observations became a reality with this spacecraft.

The 30 July 1979 issue cof the Journal of Geophysical Research (Volume 84
Number B8) describes the scientific results of GEOS-B,AI Many of these results
have to do with gecdesy and aspects cf plate tectonics and oceanography. However,
a considerable section is devoted to the study of the wave heights measured by that
spacecraft. Several papers are concerned with the study of the saltimeter data as a

44,45,75,76,77 The theory of the measurements is

means of measuring wave heights.
discussed and six different algorithms are compared for the estimation of the wave
height from the altimeter data.75 These algorithms differ in varjious details that
are explained by the paper. The overall conclusion is that they appear to work
equally well. Intercomparisons show differences of the order of 0.5 meter for the
various wave height calculations. All six algorithms were compared with measure-
ments by the National Oceanographic and Atmospheric Administration data buoys and
the standard deviations ranged from 0.39 meters to 1.67 meters for the different
models. The scatter in the plots that compare waves measured with a buoy and
measured by the altimeter are as much due toc sampling variability effects in the
measuremant of the waves by the data buoy as they are to the scatter caused by
altimetry effects. Each of the wave heights gotten from the data buoys should have
a confidence interval on them as discussed elsewhere. One should miltiply each of
the buoy wave heights by 1.15 and 0.85 approximately to get some idea of the range
in which the "true' wave height would fall when estimated from a wave record.

The significant wave heights from various surface truth sources were compared
with the GEOS~-3 wave heights independently of the other papers in the volume.ab
The wean difference for National Data buoys was 0.24 moaters with a standard deviacion
of 3.53 meters. For nanosecond radar weasurements from an aircraft, the difference
was 0.16 meters with an 0.59 meter standard deviation. For an altimeter developed

by the AAFE program, the mean difference was 0.62 meters and the standard deviation

!
1
4
i
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was 0.71, and combined and weighted according to the number of points, the overall
mean difference was 0.34 meters with a standard deviation of 0.61 meters. The
scatter diagram (Figure 5 of the cited paper) shows quite good agreewent for waves
up to 8 meters high.

Quasi~synoptic wave height fields were prepared for the North Atlantic ocean
using the GEOS-3 data.aa At the same time, the initial wvalue specifications for the
wave heights, as given by the Spacecraft Meteorology Group, the FNOC SOWM model,
and the National Meteorological Center were obtained.

For somewhere between 21 and 25 such fields, it was possible to compare various
features of the GE0S-3 wave height fields for the North Atlantic ocean and the wave
specification fields. The difference between the highest waves measured by GE0S-3,
and the highest waves produced by these three different models was first studied.
It was found that the GEOS-3 measurements were on the average higher than the waves
in the models. For the FNOC SOWM model, GEOS-3 measured waves that were, on the
average, 1,68 meters higher; and the standard deviation about this high measure-
ment was 2.04 meters. For the Spacecraft Meteorological Group product, the GEGS~3
measurements were 4 meters higher with a standard deviation about this value of
1.65 meters. For the National Meteorological Center, the GEOS-3 waves were 3.58
meters higher on the average with a variability of 2 meters above this average.

The bias for the SOWM was one third to one half of the bias for the other two
methods, and the variability about this bilas was comparable. Thus, the overall
errors in the SOWM, when comparing SOWM model wave heights with GEOS-3 measured
wave heights were much less. ‘

It was found that the location of the high waves, as measured by GEOS-3,
differed from the location of the high waves in these various models, that these
high wave centers generally were displaced farther north, and that their location
has considerable variability, being % 4 to 7 degrees of latitude. Similarly the
locations of the high wave centers were displaced to the east, by several degrees
of longitude, and the variability about the correct location was of the order of
10 degrees of longitude. These differences were explained in terms of the arrors
in the wind field for the initial value specification. Most initial value specifi-
cations for numerical weather prediction and for the description of wind fields
begin with the preceeding 12 to 24 hour computer-based numerical forecastas of the
wind field; and, if such numerical weather forecasts tend to locate low centers in
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incorrect places and to produce low centers that are too weak, the overall effect
would be such as that observed. ‘

Nevertheless, the SOWM, according to these results, is clearly superior to the
other two methods that were compared. The wave heights are much more accurate on
an oceanwide scale, and the displacements of the centers of high waves are in each
case less than the other two models and have smaller variability. The FNOC speci-
fication of the wind fields over the North Atlantic therefore must be more accurate
than the specification of the wind fields used by the other two methods.

The waves, as measured by 44 GE0S-3 orbit segments obtained during 1975 and
1976 for both the North Atlantic and the North Pacific, were compared with the
operational output of the SOWM, as interpolated from 6 hourly spectral data to the
time of the spacecraft pass.45’78 Every tenth point of the GEOS-3 output was
compared wi.h the wave heights determined by the SCWM along the subsatellite track.
Some of the subsatellite tracks extended all the way from the Equator to landfall
at such places as the Kamchatka Peninsula for the North Pacific. Other orbit
segments were rather short. The 44 orbit segments in this study were selected
solely on the basis of the fact that they were made available toc the investigators
by the GEOS-3 program office. The GEO0S-3 significant wave heights were comparad to
the FNOC archived waves.,

An example of a subsatellite track snd of the SOWM and GEOS heights along it
is shown in Figures 38, 39, and 40. An aa yet unsolved problem is that of the
sampling variability of altimeter wave heights measurements. A tentative band of
$15 percent or *0.5 meters, whichever is larger, is suggested. The SOWM heights
given at the X's have a fine structure, or graininess, that is not apparent in' the
smoothed wave height fields produced by a contour plotter at FNOC as one of the
SOWM products. A question arises as to whether or not a higher resolution, less
smoothed height field analysis migﬁt be more realistic and whether or not such a
field would agree better with altimeter data.

As summarized in Table 7, the highest waves measured by GEOS~3 were 9.0 meters
for the 44 orbit segments; the highest waves predicted by the SOWM (for that same
orbit segment incidentally) were 11.5 meters. On 2 point~by-point basis in these
comparisons, there were at times very large errors with the SOWM, for sxample, being
4.7 meters too low for one case aud 4.2 meters too high for ancther. The root mean
square error along a given orbit, varied 211 the way from 0.4 meters to 3.2 meters
depending on the orbit. The average of the root mean square errors was for all of
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TABLE 7 - A SUMMARY OF 44 GEOS-3 ORBIT SEGMENTS COMPARING SPECIFAL OCEAN WAVE MODEL

SIGNIFICANT WAVE HEIGHT WITH ALTIMETER MEASUREMENTS FOR 1575 AND 1976

Date Number Wind
Orbit (1975) of RMS | Bias { Error | GEOS Range { SOWM Range
Points GLOS | SOwWM
1929 | 24 Aug. 24 10.8)-0.6] ~1.8 0.0-2.8 0.1-1.1
1991 | 28 Aug. 36 {1.0{-0.2| -2.3 0.0-4.0 0.8-3.7
2100 ] 5 Sep. 7 105)1-0.3}) -1.2 0.0-1.8 0.2~-0.9
2114 | 6 Sep. 20 | 1.3§-1.0] -3.2 0.0-3.8 0.2-1.0 8-11 | 0-5
2254 | 16 Sep. 30 1.1}~-0.8] -2.6 0.0-4.2 0.1-2.4 |}12~-13} 8-10
2318 | 20 Sep. 10 1 0.6 0.0} -1.3 0.2~3.0 0.5-1.2
2658 | 14 Oct. 9 [0.8[~0.5] -1.7 1.0-4.2 1.0-2.5
6 | 3.1]-2.8} -4.7 3.0-7.6 1.0-2.9 18 12
2782 | 23 Oct. 11 ] 0.7 {-0.1}| ~1.2 0.2-3.2 1.2-3.5 |12 10
2812 ) 25 Oct. 28 |1.0}]-0.8| -2.0 2.6~6.2 2.0-5.0 |16 13.5
2827 j 26 Oct. 26 [ 1.1 |~1.0] -2.4 1.8-5.4 1.0-6.9 {14 12
2829 | 26 Oct. 1 10.9]-0.5{ -2.1 0.6-5.0 0.6-4.6 |15 12
2904 | 1 Nov, 24 t1.21-0.81 -2.0 0.6-6.0 0.8-4.1 {16 13
2919 | 2 Nov. 12 1 0.8{~0.5] -1.7 0.2-3.0 0.3-3.2
2936 | 3 Nov. 21 1 0.7{-0.3] -2.3 0.2-6.4 0.3-3.9
2998 | 7 Nov. 17 1 0.9 | H0.2] +1.9 2.8-5.4 2.7-5.6 |13 15.5
3030 | 10 Nov. 28 | 2.0} -1.5] -4.2 0.0-7.0 0.3-3.4 |17 10
3075 ¢ 13 Nov. 21 }0.6]-0.4}) -1.3 0.0-2.8 0.5-1.6
3152 | 18 Nov. 26 |1.0]-0.6| ~-1.9 0.0-4.4 0.2-3,6 |11.5 9
3167 [ 19 Nov. 29 | 1.1 {+H0.5| +2.6 0.2-4.0 1.3-5.3 |14 15.5
3214 | 23 Nov. 6 | 1.2]-1.1] -2.0 0.8-3.2 0.8-1.3 (12 7.5
3229 | 24 Nov. 21 {0.,8]~-0.5{ -1.6 3.4-7.8 3.9-6.6 17 16
3231} 24 Nov. 23 1.1 -~0.7] -1.9 0.2-4.8 0.9-4.3 |12-13| 8
3291 | 28 Nov. 38 | 1.4 |-1.0} -2.3 0.0-8.8 0.3-7.4 |20 19
3430 | 8 Dec. 17 | 1.4 |4+0.3 | +2.6 0.6-4.8 0.9-6.0
3524 | 15 Dec. 12 0.6 }-0.2] ~1.0 0.0-3.8 0.2-2,7
3539 | 16 Dec. 19 10.9]-0.2| ~-1.5 0.0-2.4 0.2-1.8
3554 { 17 Dec. 18 1 0.6 |+0.1] +1.3 0.2-2.6 1.3-2.4
I

Heights are in meters and winds in meters

largest of the indicated number of points.
(From Reference 45).
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TABLE 7 (Continued)

Date Number Wind
Orbit (1975) of RMS | Bias | Error | GEOS Range { SOWM Range
Points GEOS SOWM
3586 | 19 Dec. 12 {2.51-2.0} -4.0 2,4-7.6 1,3-5.3
3645 | 23 Dec. | 42 |1.3]-0.8| -3.8] 0.0-8.0 | 0.0-8.7 [19.5 15
Total 529
Date Number Wind
Orbit (1976) of RMS | Bias | Error | GEOS Range | SOWM Range
Points GEOS SOWM
4576 | 27 Feb, 12 t1.1]1-0.4} -2.0 0.0-6.2 0.5-5.1
4593 ] 28 Feb. i2 10.9]-0.7 -2.2 0.2-4.4 0.5-2.5
4608 | 29 Feb. 19 11,0 -0.2] -2.4 0.6-7.0 1.2-5.9
4623 | 1 Mar. 7 [(0.5]+0.1] -0.8 0.2-5.4 0.2-4.9
4978 | 26 Mar. 11 (1.2 40.5] +0.3 0.0~5.8 1.6-7.1
5025 | 30 Mar. 46 10,9 ) -0.2 - 1.4-7.4 1.3-9.5
2.5142.4 +3.0 17 21
5149 { 7 Apr. 10 |3.2|+2.6] +4.2 3.6-9.0 5.0~11.5 |18 22
5164 | 9 Apr. 9 1.8}+1.6]| +2.7 1.2-8.4 2.,4-9.6
5258 | 15 Apr. i9 | 1.0 +40.2] +2.2 0.0-3.2 0.3-2.6
6295 | 27 June 14 10.,9{-0.7] ~1.6 1.2-4.6 0.9-4.1
6479 |10 July 37 10.71-0.4] +1.6 0.0-3.8 0.2-5.3
6481 |11 July 19 ]0.7}1-0.3} -1.8 0.0-2.8 0.3-2.7
6635 | 21 July 45 11.0{-0.6} -2.5 0.0-4.2 0.3-2,7 |J13.5 11
6883 | 8 Aug. 12 10.8]-0.6] -1.4 0.0-2.2 0.2-1.3
7858 |16 Oct. 14 10.4]|40.2| +0.8 3.0-2,0 0.3-1.0
Total 296
Heights are in meters and winds in meters per second. The "error' is the

largest of the indicated number of points.
{From Reference 45).
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the data 1.1 meters for 1975 and 1.2 meters for 1976 for cases in which the poor
specifications were included. With these removed, the root mean square errors were
0.9 meters for both years. There was also a tendency for the SOWM to be biased
somewhat too low. Typically, this bias would be from -0.5 to -1 meter. Were this
bias removed so that the standard deviation about each orbit segment was computed,
the standard deviations would have been considerably under 1 meter.

For a number of orbit segments the SOWM could be considered to be a bust, and
for others the bias was consistently too high or too low. This was interpreted to
be the result of poor wind fields. The last two columns indicate what wind speed
would correspond to the fully developed SOWM heights and what wind speed would be
required to produce the GE0S-3 measurements.

The analysis techniques of Reference 78 were used to study additiuaal GEOS-3
passes.71 The procedures of Reference 78 were considerably simplified because the
wave height contour fields generated by FNOC were obtained; and these wave height
contour fields were compared with the wave heights estimated by GEOS-3. This
eliminated a difficult and expensive numerical computation which recovered the wave
spectra along the subsatellite track from the spectral output of the SOWM and
located those wave heights within an assigned distance of the track, for comparison
with the GEOS-3 heights. The results were comparable to the previous results in
that similar bias and root mean square errors were obtained. Table 8 summarizes
these results, A number of other results were obtained, some of which are given
below. Figure 48 shows histograms of the root mean square errors for both of these
studies including five "outriders" in Reference 78,

Figure 41 shows a scatter diagram of the highest wave in a given orbit segment
as measured by GEOS-3 as compared with the highest wave predicted by the SOWM for
that same orbit segment. In general, the highest measured waves were higher than

those predicted. According to Reference 71:

"A regression equation and correlation coefficient

were calculated for this diagram. They were

GEOS-3max = 0.9852 SOHHu.x + 0.8743 (m) (52)

Correlation ccefficient = + 0.935
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Highest GEOS-3 Value for Fach Orbit Segment
(From Reference 71)
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Some solutions are:

SOWM 1.0 5.0 7.0 10.00 m
max

GEOS-3 1.86 5.80 7.77 16,73 m
max

" ¥

The (percentage) accuracy of the SOWM appears to increase with increasing height.
71 :

A portion of the summary of this research is quoted below.
"The absolute magnitude of the largest error was found to average
at 2,32 meters and have a standard deviation of 0.63 meters. The 95
percent confidence interval for the mean value was 2.13 meters to 2.51 !
meters. The percentage value of the error decreased with increasing %
wave height. A significant amount of the largest errors was caused
by short spatial variations in GE0S-3 wave heights (47 percent).
Comparing SOWM to smooth GE0S~3 values showed a twenty-one percent
(21 percent) decrease in the average absolute magnitude of the
iargest errors,
"A maximum shown by SOWM was found within four degrees of latitude
of a GE0S5-3 maximum about 72 percent of .the time. The position of a
SOWM minimum was within 4 degrees of latitude cf & GECS-3 minimum 52 s

percent of the time. i
"The cerrelation coefficient between the highest SOWM value and 2

highest GEOS-3 value in each segment was +0.935.

"A climatological study of the model showed that in the Pacific
the Tropics were overpredicted,* mid-latitudes were underpredicted,
and wide variations cccurred in the higher latitudes.

"In the Atlantic, the values in the Tropics were influenced by

the Caribbean region but tended to be overpredicted south of 17,5°K.#%
The SOWM underspecified from 17.5°N to abouc 30.0°N, and then alter-
nated high and low to about 45.5°N, The higher latitudes showed wide
varilations just as the Pacific values.

"The types of errors outlined above can be largely attributed
to errors in the wind field specificatiou, especially in the higher

*In the Pacific by +0.4 meters. The root mean square errors were over l meter.
**By 40.2 meters,
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latitudes. Given mnre accurate wind reports in the higher latitudes,

the observed latitudinal variation in root mean square errors and

biases can be expected tc be reduced significantly. Scarcity of sur-

face observations in this region will cause wide variations in errors

between points in the oceans."

VERIFICATION OFf SIGNIFLiCANT WAVE HEICHTS BY MEANS OF WAVE
HEIGHTS MEASURED WITH 4 RADAR ALTIMETER ON SEASAT

SEASAT altimeter wave height measurements have been compared with the SOWM pro-
duct as generated by FNOC during 1978~9 A total of 18 orbit segments of SEASAT
alcimeter data for the Atlantic and Pacific oceans at various times were examined.
Of these, two were for a pass over a tropical cyclone near the Phillipine Islards.
Special techniques from Reference 9 were used to try to predict the waves for the
tropical cyclone. The SOWM wave climatology does not have this capability, and
there are nc waves due to tropical cyclcnes ip it. These two orbit segments are
not included in the statistics tc follow for this reasoan. However, the data that
were obtained are presented in order to show an area in which the SOWM could be
improved.

0f the remaining 16 orbit segments, four were for strong offshore flow off
Labrador. The waves that were involved in the verification th=refore occurred in
Davis Strait, Baffin Bay, and the Labrador Sea. The comparisons were made between
the significant wave height contour fields produced as TNOC znd the SEASAT altimeter
data. There i1s a question in the mind of the writer as to the adequacy of this
contouring procedure for this particular set of four orbit segments. Therefore,
they have been left out of this arelysis.

There remain 12 orbit segments. TFive of these were for strong north~south
flow over the Atlantic Ocean; four were for weacher situations over the Gulf of
Alaska; and three were for a trade wind surge. The segments were picked in order
to test the abiiity of the SOWM to rpecify waves correctly under these zonditions.

Ther: were very high waves in the North Atlantic for the case study involving
strong north-south flow., As examples, the sca surface isobaric patterns for
6 October 1978 at 00z and 12z are shown in Figures 423 and 4{2b. The strong north-
south flow occurs to the south of Greenland and to the west of Nova Scotla, at about
the center of the North Atlantic ocean on an east-west basis.

The wave height fields produced by the SOWM are showu for the same times in
Figure 43, For 00z the subsatellite track for SEASAT passes nearly over the high
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Figure 42a - 0000Z 6 October 1978

/
008 (N
1% g o it PRPL
Figure 42Zb - 1200Z 6 October 1978

Figure 42 - Sea Level Pressure Analyses with Ground Track of SEASAT
Revolution 1446 Superimposed
(From Reference 9)
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Figure 43b - 1200Z 6 October 1978

Figure 43 - Spectral Ocean Wave Model Analyses with Ground Track
of SEASAT Revolution 1446 Superimposed (From Reference 9)
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center for waves at that time, which was a small closed contour for 30-foot waves
centered in the area of the strong north-south flow. Twelve hours later this con-
tour for 30-foot waves (9.1 meters) has increased in area and shifted southward.
The spacecraft orbit occurred at about 0330z, and the SOWM fields for these two
conditions twelve hours apart were interpolated to 0330z, Values from the SOWM
field were read off at every latitude intersection with the subsatellire track and
compared to the SEASAT significant wave heights. The result is shown in Figure 44
where the SEASAT wave heights are shown by the dots and the SOWM heights are shown
by the Xs. The largest difference is -1.8 meters, where the SOWM predicted a value
that is much too low compared to what was measured by the spacecraft. It is to be
noted that from 39 degrees to 40 degrees north, a mere 60 nautical miles (111 kilo-
meters) (['lus whatever is needed to correct for the east-west component) the signi-
ficant wave heights measured by SEASAT increased from 4.2 meters to 7.7 meters.

More of the same is shown in Figures 45a and 45b. The sea surface isobaric
pattern is shown in the first part of this figure and the SOWM significant wave
height contours are snown in the second. The spacecraft orbit occurred approximate-
ly 40 minutes after the synoptic time and this difference in time was neglected.
The graphs for the SOWM and the SEASAT measurements are shown in Figure 46. The
agreement is quite good from about 45° north to 50° north where a sharp decrease in
wave height from about 6 meters to about 3 meters is tracked quite well. The
largest descrepancy between SEASAT and SOWM, is at 55° north, where the SOWM was
1.4 meters too low.

The last illustration for this study (Figure 47) is for orbit segment 1163
over the Equatorial Pacific for 16 September 1978, which occurred roughly at 08z.
The measurements were compared with the SOWM product for 06z, The largest descre-
pancy is 1.2 meters with the SOWM being toc low at this point 12° north.

The 12 orbit segments described above are summarized in Table 9. The highest
significant wave height predicted by the SOWM along the subsatellite track and the
highest significant wave height measured by the spacecraft are shown for each orbit
segment. The largest error for a point by point compariscn is shown, both in meters
and feet. The bias is simply the average value of the difference with regard to
sign between the SOWM and SEASAT values for the number of pointa involved. A plus
sign in either of these two columns means that the SOWM was high compared to SEASAT
and conversely. The final column is perhaps the most useful. It represeants the
sum of the squares of the differences between the SOWM and the SEASAT values divided
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Figure 45a - Sea

Level Pressure Analysis

Figure 45b - Spectral Ocean Wave Model Analysis

(Height in feet)

Figure 45 - Sea Level Pressure and Spectral Ocean Wave Analyses
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for 1200z 7 October 1978 with Ground Track of SEASAT
Revolution 1466 Superimposed (From Reference 9)
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by the total number of points, All but one of the values are less than 1 meter. !
One can note that SEASAT revolution 1446 with a bias of plus 0.7 meters has the

largest root mean square difference.

As with the preceeding studies, the wave heights along a particular orbit
segment are highly correlated. For this reason, the biases and the root mean square
differences were averaged without regard to the number of points involved in the
orbit segment., Thus, the 11 points for revolution 1437 with the 0.78 root mean
square difference has as much weight as the 27 points for revolution 1466.

There does not seem to be any substantial bias between the SEASAT and the SOWM
wave heights according to this limited data set. The overall root mean square
difference is a little more than 0.7 meters.

The cited study gave indications that the SEASAT altimeter wave heights may
have been biased slightly too high, by 0.5 meters. This particular matter is not
easlly settled. A study by French scientists indicates there is no bias in the
SEASAT altimeter wave heights when compared with ship observations including ocean
weather ships with Tucker recorders in the North At:lant;:[o::.‘{'2 The particular
computational procedure (or algorithm) that is used to produce a significant wave
height from the altimeter wave form i1s under investigation, and two different
algorithms may have been used in these particular studies.

Histograms of the root mean square errors (or perhaps differences) for the
values given in Tables 7, 8, and 9 are showm in Figures 48 and 49. The range of
the values has decreased substantially from the first to the last of the three
studies. "Busts' are missing in the last study.

TYPHOON WAVES

Figure 50 illustrates the results of two passes over typhoon Lola, one for
27 September 1978 (revolution 1317) and the other for 29 September 1978 (revolution
1346). For the first of these two passes the typhoon was located to the east of the
Phillipine Islands. For the second, it had moved across the Phillipine Islands and
entered the Scuth China Sea. For both orbit segments, the largest error was 1.8
meters with the SOWM product being too high in both cases. Not much can be said,
at the moment, about the differences for revolution 1317, but the behavior of the
SEASAT altimeter wave heights for revolution 1346 again shows this interesting
feature of a 2-meter increase in wave height over approximately one degree of

longitude that 1is not tracked by this tropical cyclone model.
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Figure 48 -~ Histograms of the Dictribution of the Root Mean Square
Errors Showing the Mean and Standard Deviation for Each Comparison
(After Reference 70)
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Figure 49 - A Histogram of the Distribution of the

Root Mean Square Errors for the Spectral Ocean Wave

, Model Compared to SEASAT Altimeter Significant Wave

} Heights, Showing the Mean and Standard Deviation
(Reference 9)
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ADDITIONAL INFORMATION FROM SEASAT

The altimeter significant wave height measurements from SEASAT have also been

§ ‘ used to study the accuracy of the DSA model.42 In this study, two orbit segments

for 30 September 1978 are particularly revealing. The first (Figure 51) is for an

e LR L i B Ll

z orbit segment which took place at 04z on that date. The wave height measurements
| are compared with the sea surface synoptic pressure field for 00z. This rather
shocrt orbit segment, roughly from the southern tip of Greenland, to Labrador as
shown on the Figure, has a very interesting shape. From point A as shown on the
synoptic analysis, to point B, a distance of 130 nautical miles (241 kilometers),

the wave height decreases from about 8.8 metars to 3.5 meters., It stayec at this

g A BT A s

value for a distance of 108 nautical miles (200 kilometers) and then increases again

to about 8.5 meters. For 12 hours later, a second orbit segment is shown in Figure

52 again passing over Baffin Bay and Davis Strait. Over a distance of 32 nautical

miles (59 kilometers), the wave height increases on a north-bound pass from about
7.5 meters to 12 meters, Three other orbit segments illustrate similar sudden
changes.

Another interesting feature of these graphs is the jitter in the trace of the
significant wave height. There is some element of sampling variability in signi-

L e e

ficant wave height measurements by an altimeter on a spacecraft that varies depend-
ing upon the methods of data reduction and the length of time the altimeter wave
form is averaged as a function of distance along the subsatellite track. These
questions have not been resolved, but clearly there is some uncertainty, or some
effect of sampling variability, in these measurements, just as there is in records
that obtain the wvariation of sea surface elevation as a function of time at a fixed
point.,

It is now possible to refer to the previous figures that illustrated altimeter
data for spacecraft passes over various wave fields that have been compared with
the SOWM product. If, indeed, the waves in nature can vary by these large amounts
over these relatively short distances, then the grid point spacing and the resolucicn
of the SOWM are inadequate to track them. One can note for example, for the pass
over typhoon Lola that roughly the same thing happenad over just a few tene of . ;
nautical miles as one approached the peak of 8 meters. Similarly,{for revolution A
1446, in Figure 44, a very sharp increase in wave height over one degree of latitude
was indicated between 39 degrees and 40 degrees north. The resolution of the SOWM

is not adequate to treat these variations, even with a greatly enhanced ability to
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Figure 5la - SEASAT Waveheight (0439z to 0442z)

Figure 51t - Surface Pressure Analysis 00C0z
Figure 51 - SEASAT Data fo. 30 September 1978, OOGMY
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Figure 52a ~ SEASAT Waveheight (1242z to 1249z)

Figure 52b - Surface Pressure Analysis 1200z

Figure 52 - SEASAT Data for 30 September 1978, 12GMT
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treat the discontinuity function that was described previously. It is extremely
doubtful whether or not higher resolution in space and time and in the frequency
direction spectrum would yield results that would show these sharp variations in
wave height from point to point in midocean. They must be caused in part by details
of the wind field that cannot possibly be detected by means of the conventional

network of transient ships and data buoys for the Northern Hemisphere oceans.
This should not in any way detract from the value from the SOWM, both as a

forecast tool and for a wave climatology. It simply means that there are additional

elements of uncertainty in the behavior of the waves that are not resolvable at the

present state of the art.

SUMMARY OF THE RESULTS OF ALTIMETER MEASUREMENTS OF WAVE HEIGHTS
AS COMPARED TO THE SPECTRAL OCEAN WAVE MODEL PRODUCTS

Table 10 shows a summary of the results, discussed above. There have been a
total of 99 orbit segments of varying lengths, some extending from the Equator to
landfall in either ocean. There have been 2210 points, roughly spaced one degree
of latitude apart, used to compare the SOWM product with the spacecraft measurements.
The total represents approximately 132,000 nautical miles (244,000 kilometers) of
travel over the oceans for wave height measuring purposes. Much more data are
available from SEASAT that could profitably be used in a further study of the SOWM.

This table must be interpreted with care. The significant wave heights from
the SOWM were those obtained from the day-to-day operational output of the SOWM.
The winds that were used to drive the model need not necessarily have corresponded
to the winds from the climatology used to generate the waves of the climatology.
The data in the climatology for the Atlantic were all produced by means of the
climatological wind data. The data in the climatology for the Pacific through 1971
ugsed the climatologically generated wind data. Thereafter, the spectra and winds

from the operational FNOC product were used.68

A study of the FNOC operational product in terms of these spacecraft measure-
ments, which cover a period from 1975 through 1978, provides information on this
product as it evolved during the above four years. Further studies iwould be needed
to compare the climatological product, where possible, with altimeter wave height
measurements,

Operational systems are not static. During the one and a half to two year
period from 1977 to 1978, the winds were modeled at FNOC by increasingly more
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real: .tic techniques.68 The 1975-1976 GEOS-3 data were obtained prior to these
changes.78 The 1977-1978 GE0S-3 data were obtained during these clmmgess.7‘1 The
SEASAT data were obtained after these changes.9

For these orbit segments, the root mean square difference between the space-
craft measurement and the SOWM product, varied from 0.73 to 1.15 meter, averaged
over the entire data set involved. These averages had standard deviations that in
turn varied from 0.17 to 0.6 meter. The blas was a few tenths of a meter too low
for the grand average, essentially zero, and the standard deviations of the bias
varied from 0.91 to 0.31 meter.

Each orbit segment had a maximum error, either positive or negative. The
average value of the largest error varied from 2.3 meters to 1.5 meters with
standard deviations of 0.63, 0.91, and 0.39 meters.

All of these data are pooled in the last row of the table. Each of the three
investigations is given equal weight instead of weighing them according to either
the number of orbit segments or the total number of points. The average of the
root mean square difference is (.99 meter with a standard deviation of 0.35 meter.
The bias is -0.14 meter with a standard deviation of 0.6 meter, and the average
magnitude of the largest error is 2.0 meters with a standard deviation of 0.64 meter.
An average composed of sample values from different populations can be used to
detec. the differences between the populations. In Table 10, the errors of different
types show a strong tendency to be larger for the earlier comparisons and smaller
for the later comparisons. With standard deviations as well as averages considered,
there has been a definite improvement in the operational SOWM product error
statistics from 1975 to 1978,

The SEASAT results can be interpreted as the current operational quality of the
SOWM. For an arbitrary line drawn across a SOWM wave height field in the wave spe-
cification, or nowcaest, moce, roughly simuiating the subsatellite track of a space-
craft, the waves along that line will differ from the correct waves by practically
a zero amount with reference to the average along that segment. The root mean
square difference between the measured waves along that line and the SOWM will be
somewhere between 0.90 and 0.56 meters two-thirds of the time. Somewhere along that
track there will be one large error between 1.9 meters and 1.1 meters, two-thirds of
the time; and, roughly one-sixth of the time, the error will be larger than 1.9

meters.
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The inherent inability of current meteorological wind field analysis systems
and of the SOWM, with reference to its resolution, to detect and specify large and

B

sudden variations in wave height over shert distances as detented by the altimeters ‘
should be made known to the users of the SOWM as an uncertainty in the waves that ﬁ
are forecasted or specified. It will then be possible for these users to take these
effects into consideration for whatever use the product is to have. 3
In the next section on the verification of frequency epectra, similar results |
will be documented for the time histories of wave heighte at a point. These
results show that the variability from hour-to-hour of the waves is larger than that
which can be specified by the SOWM. These two features, one as a function of
distance along a line and the other as a function of time at a point, are complie-
mentary. They must be taken into consideration in the use of these data for

climatological purposes.

VERIFICATION OF THE FREQUENCY SPECTRA OF THE SPECTRAL OCEAN WAVE MODEL

INTRODUCTION é
In the description of the development of the SOWM, an essential first require- é
ment was stated to be the ability to estimate the spectrum of the waves. This i
ability first became available when a classical paper entitled "The Sampling Theory
of Power Spectrum Estimates" by J.W. Tukey was presented at a symposium at Woods
Hole.11 Prior to that time, although a great many things had been done concerning
time series, the overall procedure for Interpreting time series was not clear.
There were some scientists who preferred to work with the covariance function and a
few who had some idea of the concept of a variance spectrum such as §.0. Rice.79
There was no way available to take a time history of a randomly fluctuating quantity
and interpret a spectrum computed from that daca.
The title of Tukey's paper is the essence of the problem of verifying wave

spectra. The subject of the title iq gsampling theory, which means that in the

author's mind this was the critical problem that needed to be solved. The problem
was solved in this paper; and subsequent works clarified the concept even further,
leading to the idea of cross spectra (cospectra and quadrature spectra) and bi-

spectra. However, until the sampling theory for these estimates becomes understood,

the computation of power spectra could not be undertaken with confidence as to how

the spectra should be interpreted.
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A SIMPLIFIED ANALOGY FOR THE PREDICTION OF RANDOM EVENTS

The frequency spectrum of ocean waves at a £ixed point on the ocean for a given
time interval of measurement can never be predicted exactly. There will always be
some difference between what is predicted by a model such as the SOWM and what is
computed (estimated) from an ocean wave record. In earlier sections of this paper,
every once in a while words like estimated spectrum, or estimates, have been used
in the description of wave spectra. To estimate something in a statistical sense
is a very precise procedure.80 The term arises in the many excellent text books on
the subject, such as Mood, Graybill, and Boes.81

The concepts that are involved in the estimation of ocean wave spectra from
ocean wave time histories are highly abstract. In order to provide some intuitive
feeling for nonstatisticians of the concepts involved, the following is a very brief
exposition of a much simpler problem,

Consider the very simple problem of tossing a coin five times as a start. A
schematic representation for the probability of heads and tails for five successive

tosses is given by

(H(s) + T(!-z))5 = 3—§ (HHHHH + (HHHHT + HHHTH + ...)

+ (HHHTT + HHTHT + .....) + (HHTIT + HTHIT + ...) (53)
+ (HTTIT + ....) + TTTTT)

If the binomial form representing this probability is expanded into all of its
terms, and if the commutation of the multiplication operation is prohibited, so
that HT does not mean the same as TH, the result will be 32 terms as above. The
(35)5 can be factored out front. Each term represents a unique sequence of events.
For example, there is one chance in 32 of having all five heads. There is exactly
one chance in 32 of getting three heads, a tail, and a head in that order, and so
on.

1If someone were to ack the reader to predict, before the coin was tossed five
times, which of these 32 possibilities would occur, he would have no choice but to
pick one of them and he would have one chance in 32 to be correct. These odds are
not particularly good.

A similarity would be the numbers game in New York City where the player picks
& three digit number between 000 and 999 and pays $1. If his number comes up, by
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whatever technique it is picked, the player gets back $500. The only sure thing in
that particular game is that if $10 million ave spent on chances during a given time
interval, about one tenth of one percent of the players will get back $5 miliionm,
plus or minus a few hundred thousand.

Now suppose that the order in which the heads and tails appear does not matter.

The terms in Equation (53) can be grouped, and the result is then

4 3.2 4

@0 + TC)° = 53 (@ + 5H'T + 108°17 + 108°T° + SHT" + ) (54)
Now, if one were asked to predict the number of heads and tails that would
come up, a much safer prediction would be three heads and two tails. This pre-
diction has 10 chances in 32 of being correct. Note that something must hagpen in
both of these examples and the sum of all of the probabilities is omne.
Now consider the act of tossing 100 coins, as an extension of Equations (53)

and (54), as in

100 99

@eg) + 1¢)19% = @!% 4 1008797 + 4950878 T2 + ..... + T190). 2100 (55

I1f the left hand side of this equation were expanded in full, in tne same way that

100

Equation (53) was expanded, there would have to be 2 completely different terms,

each with a probability of (%)100. The probability is less than one chance in more
than 1030 that a particular sequence of heads and tails will occur, The probability
of getting exactly 50 heads and 50 tails in any order is very smal.. It is given

by
100! 100
P(50 Heads) = z5i—z57 (9 (56)

To claim that the SOWM 1s capable of predicting cecither the significant wave
height or the spectrum of the waves exactly is essentially as foolish as claiming
that one is able to predict the exact number of heads that will come up when 100
coins are tossed. Both are virtually impossible, except for the fact that cne never
goes beyond *0.05 meter for wave height in a model that is essentially continuous.

There are, however, events that can be predicted when a coin is tossed N times.

For example, from the theory of probability, the expected number of heads is equal
to the number of tosses times the probability of a head, which is N/2 as shown by

135

T T —— LT T




!
i
A
H
1
i
3
f

E (H) = NP = N/2 57

Also the variance of the expected number of heads is given by Equation (58) where,

i A B e e b S e A

for a coin P = %, The square root of the variance is the standard deviation, which
yields Equation (59).

VAR (H) = NP(1-P) = N/4 (58)
SD = N/2 (59)

If one were to compute all of the terms in Equation (55) that would be analogous
o Equation (54), thersz wouid be 101 terms that add to one. The plot of these
values as points on a line as the number of heads goes from 100 to 0, or from O to
100, would look very much like the famous and usually misunderstood bell~shaped :
curve; that is, the normai probability density function. :

For purposes of illustration, thercfore, it is possible to treat this example
as if it were a sample from a normel popularion and to be a little imprecise for the
exact values of the probabilities that are involved. For example, there is about a
95 percent chance (or a 0.95 probability) that a sample drawn from a normal popula-
tion with tne above expected value and standard deviation will lie within the range
from the expected value minus twice the standard deviation to the expected valuve

plus twice the standard deviation, This is indicated by
P(N/2 - N% < Number of heads < N/2 + N&) = 0,95 (60)

For N = 100, this becomes Equation (61) or (32)

P(40 < Number of Heads < 60} = 0.95 (61)

P(0.4 < EEEES£T§§_EEQE§ < ..6) = 0.95 (62)

Now, a very nice predict._.on can be wade. If a coin is tossed 100 times, the
numbeyr of heads will be between 4C aud 60. Even more interestingly, the ratio of

the total number of heads to the total number o. tosses, will be between 0.4 and
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0.6. This prediction has a 95 percent chance of being correct. It would be a nice
bet to make if one could get even money each time it was made.

Very interesting things happen if 10,000 tosses of the coin are considered.
There are 95 chances in 100 that the total number of heads that come up will be
somewhere between 4900 and 5100, The ratio of the total number of heads to the
total number of tosses will be somewhere between 0.49 and 0.51 for this case. This
would be a nice bet to make at even money. If one wants to be somewhat more con-
servative, change the values to 0.48 and 0.52. The probability of this happening
would be very close to, but not exactly equal to, one,

With a few minor modifications of the concepts involved, one could consider
that the probability of obtaining a success was unknown. An example might be a very
large urn containirg a mixture of black and white marbles, with an unknown percent-
age of white ones. Upon reaching in and drawing out a handful of marbles, the
problem then becomes that of determining the ratio, or the percentage, of the white
marbles compared to both kinds in the urn. A statement similar to the last equation

can then be derived.

THE ESTIMATION OF FREQUENCY SPECTRA AND SIGNIFICANT WAVE HEIGHTS

In an oversimplified way, the above example illustrates the significance of
the paper by Tukey. Through this paper it was possible for the first time to obtain
an equation analogous to Equation (62). The difference is that the equation has the
form given by Equation (63), where the upper and lower bounds can be computed from

the known degrees of freedom of the spectral estimate and the value of the estimate.
P(SL(fi) < S(fi) < SU(fi)) = 0.90 (63)

Typically, for the estimation of spectra, the righthand side 1is picked to be 0.9 and
the two numbers that result as the bounds of the inequality are called the 90 per-
cent fiducial confidence interval. The correct interpretation of such an equation
is that the true value of the spectrum would be found to lie between these two
bounds nine chances in ten. If a spectrum from a very long time history of the
waves for unchanging conditions could be computed (by analogy to toasing A coin
many millions of times and calculating the ratio of the number of heads to the total
number of times so as to get very close to one half) the result would be the "true"

value,
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As will be explained in what follows, the calculation of a spectrum 1s not a
simple exercise. There are severe limitations on the information contained in an
ocean wave time history of twenty minutes duration. If a wave spectrum is estimated,
it is possible to obtain Equation (63) for each of the values of the estimated
spectrum and to draw one curve lying above and one lying below the plotted points,
These two curves enclose the true spectrum of the waves {that would in principal be
obtained if a much longer time history could be gotten) nine times out of ten. Some
investigators use narrower ranges and other probabilities, such as 0.5. The close-
ness of such intervals gives them a certain degree of confidence (which is un-
warranted). They are, in essence, taking a chance of being wrong half the time.

Unfortunately, for the spectra predicted by the SOWM, with the spectral band
widths that are used, a twenty minute (1200 second) long ocean wave time history (or
due to Fast Fourier Transforms, 1024 seconds) which has been the standard recording
length for most wave data, does not provide very good spectral estimates, Typically,
the estimate does not tell one the true value of the spectrum within a factor of
approximately two, For example, one can multiply the estimated value of the spectrum
by 2/3 to obtain the lower curve (for the narrow frequency bands) and by 4/3 to
obtain the upper curve. The ratio of the two is a factor of two, and the true
spectrum lies somewhere between these two values nine times out of ten,

Suppose that a large number of wave time histories at locations corresponding
to grid points of the SOWM are obtained and that each of these 1s processed to pro-
vide estimates of the wave spectra and their 90 percent confidence intervals. Then
the spectra predicted by the SOWM can be expected to fall between the upper and
lower confidence intervals of these estimated spectra nine times out of ten if the
model and the winds are correct. There will be five spectral velues out of each
hundred for which the bounds of the confidence interval will fall below the SOWM
value and five out of a hundred for which they will be above.

The SOWM spectra can only be evaluated in a statistical sense. One cannot
predict the number of heads that will come up when a hundred coins are tossed, and
one cannot predict the exact values for the ocean wave spectra that would be
estimated from wave records and compared with the SOWM, or, for that matter, any
other wave model.

The question might be asked "Why bother to verify the SOWM spectra against
spectral estimates that are only good to within a factor of two?" The answer lies

in the comments and remarks made in the description of the fully developed spectrum
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and its variability. It also lies in the very large range of spectral values that
occur for the frequencies of interest in the SOWM as the waves vary in height from
under a meter to more than 15 meters. To get the spectra correct to within a factor
of two is almost good enough. In fact, it is difficult to do.

However, there 1s a dilemma here. The theories that are available are for
stationary gaussian processes, and with minor ifs, ands, and buts, for any station-
ary process, such as ocean waves, which are mildly non-gaussian. The concepts that
are used all involve picking a sample so many minutes in length from a long time
history that does not change its properties. If the ocean waves at a particular
point on the ocean never changed their statistical properties, there wculd be no
problem in forecasting. The corrections, modifications, and conceptual changes in
wave record treatment required upon introduction of the idea that the spectra are
changing as a function of time are very difficult and have nct yet been fully
addressed.

The total area under the frequency spectrum is the variance of the time history.
This quantity is related to the significant wave height as defined previously for

relatively narrow band spectra. Because the estimated spectra have this property
of sampling variability, the total area under the spectra also has sampling

variability. Therefore, not even the significant wave height is a precisely
defined quantity that can be computed from an ocean wave record, or from the
spectrum of that ocean wave record, The significant wave height has sampling
variability also.

It is possible to write an equation similar to Equation (63) that puts a con-
fidence interval on the siguificant wave height estimated from an ocean wave height
time history by means of a spectrum. This confidence interval typically ranges from
*+10 percent to *30 percent of the significant wave height that is estimated depend-
ing upon the details of the spectral shape.

In the material that has been presented so far, notably missing has been any
description of the sampling variability of the data that have been used to “verify"
the SOWM., This problem will be addressed in what follows for both frequency spectra
and significant wave heights; then, the material in the preceeding section on the
verification of significant wave heights will be reinterpreted, along with additional
data on significant wave heights,

There is another, perhaps equally shocking, concept that is a corollary of the
idea of sampling variability. Weather Ship J, operated by the British for many
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years, has faithfully obtained ocean wave time histories once every 6 hours and at
speclal times, once every hour, for many, many years at a particular latitude and

longitude of the North Atlantic ocean. Suppose that for this entire timz, Weather
Ship J had had an identical twin, with an identical ncean wave recorder on it and
that it had been stationed at a point on a circle, with a two mile radius away from
the true J with the exact location picked at random on that ciccle. Suppose that
also this twin ship had taken a wave record starting and ending at exactly the same
time as the one at J for this entire period.

Consider the pairs of estimated spectra that were obtaimed by these two ships.
The consequences of the concept of sampling variability are that the spectra
estimated from these two time histories would not agree with each other. There
would be times when one spectral estimate for a particular freguewcy would be 30 to
40 percent higher than the estimate for that same frequency in the second spectrum.
There would be other times when the reverse would occur. There would be times when
a spectral band in the first spectrum would be twice as high as in the other
spectrum, A probabilist would be able to take the theories that have been developed
and make a great many predictions about how these spectra would differ, one from
the other, for many, many pairs.

A corollary is that the significant wave heights obtained at these two locations
could differ by as much as 10, 15, or 20 percent, at times, for measurerents made
at exactly the same time,.

The SOWM has grid points several hundreds of nautical miles spart. Those
unfamilar with sampling variability concepts would ask, "Why not measure waves on a
grid spacing of 2 nautical miles (3.7 kilometers) over the North Atlantic Ocean?"
Apart from the cost of such an operation, it would hardly be worthwhile because one
would then be measuring sampling variability effects and not the true variability of
the waves (most of the time) that one really wishes to predict.

These statenents have to be modified somewhat on the basis of the kind of
spatial distribution found by the altimeter on SEASAT as illustrated in the pre-
ceeding section. However, it is possible to go too far in the resolution of the
grid to be used for wave forecasting and hindcasting, and it is possible to misinter-
pret wave measurements becsuse of the effect of sampling variability. This problzm
becomes particularly difficult when waves are changing with time, as they actually
do. It 1s not an easy task to sort out a true change in the gpectrum from a change
brought about by sampling variability. This 1s one of the major objections to the
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techniques that. led to the development of the JONSWAP spectrum, which will be

explaired later.64

Incidentally, there will always be doubters as to sampling variability effects.
It might be very interesting, just for once, to locate five.or six ocean wave
recorders all properly calibrated on a square grid of points, perhaps 2 nautical
miles apart, at some place on the North Atlantic ocean, and obtain simultaneous
wave records. A great many statisticilans would be shocked indeed if the spectra
from these time histories were identical.

The first step in obtaining an estimate of a spectrum of a time history is to
digitize the time history at intervals of At seconds as shown in Equation (64). The
value of At should be small enough so that the Nyquist frequency does not produce
any aliasing.

A standard procedure is to make a fast Fourier transform of the data contained

in Equation (64) which consists of N points where 2% = N.
n(o), n(at), n(2At),.....n((n-1)At) (64)

It is assumed that the record is periodic with a period of WAt, which is the equiv-

alent of the statements in

n(NAt) = n(2), n((N+p)At) = n(pAt) (65)

This set of points has a mean which is assumed to be zero or corrected so that it

will be zero, and the variance is given by

W=k I n(par) =0 (66)

VAR(n) = % £ (n(par))? (67)

The operation of obtaining a €ast Fourier transferm yields a representation of

the same N points as given by Equation (€8)

N/2 .
ni{pit) = I a_ cos 2mopdt b_ sin ZmapAt (68)
T L T
n=1
where T = NAt.
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Incidentally, it is not absolutely essential to do a fast Fouriler transforim. Fer

a fast Fourier transform N is some integer power of two. If the number of puints §
in the time series differs from this, the Fourier tranaform can be calculated by §
brute force, but it turns out to be much more expensive. Typicaliy therefore, most
investigations are made today with some set of values given by 29,

The values of a and the bn that are oktalned in this way, are the complete
equivalent of the time series values in the representation given by Equation (64).
The information in the data has been transformed from the time domain to the fre-
quency domain. With these 2% values for the trigonometric coefficients, one can go
back and recover exactly the number in Equation (64). Therefore, no information
has been lost by this procedure.

The lowest frequency that goes with this set of coefficients, a, and bl’ is 3
given by 1/NAt and the highest frequency is given by 1/2At. The highest frequency
is called the Nyquist, or the folding, frequency.

From the point of view of the spectral analysis of an ocean wave time hictory
or any other property of ocean waves such as the orbital motions and the potential ‘
function, there 1s too much information in the set of numbers that define the \
uniquely determined coefficients, a and bn' The information is smoothed and by so
doing the original recurd is no longer recoverable. What might be done at this
stage of the game with an ocean wave time hilstory has been rather thoroughly dis-
cussed in Reference 82.

However, continuing, the two coefficients for a particular frequency can be
squared and summed to obtain Equation (69). For this kind of random process that
fairly well describes ocean waves, this new number has a Chi Square distribution
with 2 degrees of freedum. Its expected value is given by Equation (70) and the
probability density function is given by Equation (71).

Ci - h(ai + bi); n=1 to N/2 (69)

{nHg) /7
2

E(Cn) = Sn = S(f)dt (70)
(n-%) /1

2. 2 2 2

P() d €, < exp (- C./S ) d C./S_ (71)
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This value of Cﬁ is very erratic when repeated calculations of it for the same n,
but for different time histories, are considered. The probability that it will be -
near its expected value is rather small, and, in fact, the 90 percent confidence
interval about its expected value is found by multiplying a particular estimate by
0.334 and 19.42.

The idea behind spectral estimation is to smooth a number of these values of Ci
to obtain more stable numbers at a less dense spacing on the frequency axis for the
study of the properties of the waves. This smoothing operation is indicated by
Equation (72) where Gp is a weight factor.

n+r 2
S(f )= 1T 6 C° 1 (72)
n n-r PP

In particular, if the values of 6p are all equal as indicated by Equation (73),
this consists of just averaging che yaiues of Ci over 2r + 1 values and plottiag

the resulting average at the central frequency of this rang=2.
ép = 1/(2r + 1) (73)

There are, of course, many other ways to du the smcothing operation. Just as
long as the Gp satisfy certain criteria relative to preserving the total variance,
they can have many different values. Also, it is not necessary just to estimate
the spectrum at a set of nonoverlapping frequencies. This smoothing operator could
be applied twice as frequently to obtain double the number of points on the fre-
quency axis. All of these various techniques are peossible today, because of the
abllity to carry out the fast Fourier transfeorm operation.

From a theoretical point of view, the procedure is indicated by Equation (74),
where whatever choice of the weight factors made and applied to the fast Fourier
transform is equivalent to a convolution of the weighting functicn with a true
function for the spectrum as indicated in this equavion. Clearly a wide variety of
weight functions could be chosen. The output of the convolution will be more or
less a smooth version of the input under many conditiomns.

The point of this discussion is that the choice of weight functions and smooth-

ing operators is more or less irrelevant becaus” of the sampling variability of
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these estimates. The true values of the spectrum are really not known to within a
range of about a factor of two. For this reason, minor fluctuations in the shape

of the spectrum usually do not have any meaning because of this large uncertainty.
Sc(f) = j.s(f') w(f-f') ¢ £' (74)

SMOOTHED SPECTRAL ESTIMATES
Given the N/2 values of Cﬁ, suppose that 2r + 1 values are combined with unit

weights centered on a frequency, fn, and covering a certain frequency band. If the
spectrum i1s slowly varying enough over the frequency band, then the 2r + 1 values of
Ci combine as Chi Square variables each with 2 degrees of freedom to yield a Chi

Square variable with 4r + 2 degrees of freedom, but with an unknown parameter equal

ke s e B e et L s

to the "true" or expected value of the spectrum as jintegrated over the frequency
band.

If S(fn)Af is this expected value andﬂif é(fn)Af is the value computed from
the sum as the estimate, then the ratio, DS(fn)/S(fn), is Chi Square distributed
with (4r+2 = D) Jdegrees of freedom.

From standard tables, the values of Chi Square, such that this random variable
will exceed an with a probability of 0.05 (say) and will be less than BD (say) with
a probability of 0.95, can be found so that Equation (75) can be assigned numerical

i R A e ol AL e eh ] e e e o af

quantities,
D g(fn) }
Plop < TS < Bp) = 0.90 (75) }‘
Some algebra yilelds ;
D §(f ) D §(fn)
Pl ~— < S(f) < ——2 = 0,90 (76)
BD n ap

1f D for example is 30, «, = 18.5 and BD = 3.8 so that

D

P(0.685 écfn) < S(f ) < 1.622 é(fn)) = 0.90 (77)

and the ratio of 1.622 to 0.685 is 2.37. Everything is known in this equation as a
nwwber except s(fn). The equation states that the probability is 0.90 that interval
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defined by the twc numbers in the parenthesis will enclose the true value of the
spectrum at fn. 2

A 17-minute, 4-second wave record digitized once per second has a Nyguist fre-
quency of G.5 seconcl"1 and has 1024 points. There would be 512 values of C: (less
1 for zero frequency). The frequencies would be 1/1024, 2/1024, n/1024, .....
512/1024 secondnl. Averages centered on f = 16p/1024 for p = 0 to 32 with values
at £ = 16 (pHs) /1024 weighted one half and assigned at 16p/1024 and 16(p+1)/1024
would yield 33 spectral estimates, each with 32 degrees of freedom (except at 0 and
0.5 Hertz) and confidence intervals nearly equal to those given above.

For p = 5, the frequency is 80/1024 corresponding to a period of 12.8 seconds
with bounds of 72/1024 and 88/1024 (periods of about 14.2 and 11,6 seconds). To
halve the frequency bands for the same record length requires using f = 8q/1024 as
q goes from 0 to 64, and this halves the degrees of freedom. The confidence
intervals become even wider. To narrow the confidence intervals by doubling the
degrees of freedom for the same record length requires that £ = 32r/1024 as r
goes from O to 16.

For a fixed record length, high resolution sacrifices degrees of freedom and
implies wide confidence intervals. Narrow confidence intervals and high degrees of
freedom sacrifice spectral resolution.

Further verification of the frequency spectra of the 50WM might benefit from
obtaining 35- or even 52-minute long wave records instead of 17-minute long wave
records. The lack of stationarity could be investigated theoretically. For a 52-
minute record the frequencies can be centered on f = 483/3072 and there would be 96
degrees of freedom per estimate. The confidence intervals would then become 1.2
and 0.79 in Equation (77) with the upper bound being 60 percent higher than the
lower bound.

To estimate a spectrum with a +10 percent confidence interval requires about
580 degrees of freedom, and a record about 5 hours long for the same resolution.
During 5 hours, the waves will have probably changed their statistical properties,
and thus high resolution and narrow confidence intervals are unobtainable for real
situations in the time domain.

The points raised above are simply a restatement of the properties of time
series. They were clearly and more briefly stated in Reference 80, From page 2 of

Reference 80:%

i e oA A e s et i AR

*Underlined words are not emphasized in the original quotation.
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"Practically useful answers to these questions may be found by
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combining results from transmission theory and the theory of
statistical estimation., These answers prove to be relatively sim-

ple. The only major difficulty in their practical application 1is
the extensiveness of the data required for highly precise estimates.

This requirement is an inherent, irrevocable characteristic of such

random processes"
A second quotation from page 93 is:
"Clearly, for any specific value to '1‘n (and number of pieces
of record), we can increase frequency resolution (or stability)

only by sacrificing stability (or frequency resolution).”

CONFIDENCE INTERVALS ON WAVE HEIGHT

The Chi Square probability density function is derived by considering the sum
of the squares of D independent random variables drawn from a normal populaticn
with a zero mean and unit variance. After referring a variable to zero mean, which
occurs naturally in calculating a fast Fourier transform, it must be scaled by
dividing it by the standard deviation for the calculation of the value of Chi Square.
The Chi Square distribution has the reproductive proper:y; specifically, if N1 is
distributed according to Chi Square with N1 degrees of freedom and if In2 is dis-
tributed according to Chi Square with N2 degrees of freedom, then Y = INi + YNz is
distributed according to Chi Square with N1 + N2 degrees of freedom.

An estimated spectrum consists of p numbers typically of the form g(pAf) where
p varies from zero to, say, m. The first and last values for p = 0 and m have say
D/2 degrees of freedom and the estimates for p equal to 1 to m-1 have D degrevs of
freedom. Conceptually there is some true, but unknown, spectrum, essentially S(pAf),
that the values of S(pAf) estimate. The sum of the valves of S(pAf) ig an estimate
of the variance of the random process as in

m .
VAR = L S (pAf) = VAR(n) (78)
o

and in Equation (67). This sum is like a sum nf Chi Square distributed random
variables e cept that each term has a different normalizing value.

The exact probability density function for the estimate of the total variance

is unknown. However, it can be shown that the total variance 1s approximately
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distributed according to Chi Square with & total number of degrees of freedom (TDF), ;
if the separate spectral estimates are independent, as given in Equation (79). The
total number of degrees of freedom can also be called the effective number of

degrees of freedom.

m . 2
D ( s (pAt))

TDF = ~ —2 (79)
2 m-1 2
[(S-—-———m—“) ;' £ (m)) + (S(pAt)) ]
1

The proof involves deriving the moment generating function for each estimate
and using the fact that moment generating fumction for a sum is tlLe product of the
mement generating functions for the terms in the sum. The resulting moment
generating function is then equated to the moment generating function for a Chi
Square distribution with an unknown value for the degrees of freedom and a para- g
meter equal to the total variance. Equation (79) results by requiring that the
first two moments of the approximating Chi Square distribution equal the first two

moments of the correct distribution.

One extreme would be the case where all of the values of g(pAf) are equal (or
nearly equal). The numerator of Equation (79) would equal Dp2 and the denominator
would equal p so that TDF would equal Dp or N, the total number of pocints in the
sample. This nuever happens for actual ocean wave time histories, but the result is
the equivalent of drawing an independent sample of size N from a zero mean normal
population with an unknown variance. A total number of observations equal to 1024,
if they were independent, would yield 90 percent confidence intervals of about 1.07
and 0.93 times the estimated variance.

The other extreme would be to find all but one of the values of Cﬁ in Equation
(69) to be zero., The total degrees of freedom would be 2 no matter how long the
time history, Narrow band swell can approach this condition.

Typically, the total degrees of freedom for an ocean wave time history about
20 minutes long can range from about 50 to 150. The time correlation beiween the
points in the time history makes each value less useful in estimating the variance
than would be an independent observation from a normal distribution. The appro-

priate constants in an equation sirilar to ZIquation (77) are given by
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10t (1/TDF)

and
1o - (1/TDF)?
for the 90 percent confidence interval for large enough values.
Thus
P [10 ~/MR? i g < g0 HL/DD vﬁk] = 0.90 (80)

Since Hy = 4 (VAR)® (81)

it follows that Equation (82) holds.

-~

P (3g,05 Hiz3 < By < By g5 Hyyg) = 0.90 (82)
whera
%0.05 ~ [10 -(I/TDF)%] : (83)
and
Bo.e5 = [10 +(1/TDF)%] : (84)

If the estimated significant wave height was 10 meters, and if TDF equaled 50,
then Equation (82) yields

P(8.50 < H < 11.77) = 0.90 (85)

1/3
and the wave height 1is not known to within 3,27 neters (plus or minus about 1.6
meters or 16 percent), even if it is estimated to be 10 meters.

For 150 total degrees of freedom, the corresponding equation is Equation (86),

and there is almost a 2-meter spread.
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P(9.10 < H < 10.99) = 0.90 (86)

1/3

The verification efforts for the SOWM and for comparisons of altimeter wave
height measurements with waves recorded by ships and data bucys, as described
previously, did not take these considerations into account. Ways to do so will be
described shortly.

A RESTATEMENT OF A SPECTRAL OCEAN WAVE MODEL FORECAST

Suppose that the SOWM spectral predictions were perfect, and that in particular
the one in Table 5 was perfect. Suppose that a ship near that grid point measured
the waves with a wave recorder for 25 minutes and 36 seconds on the date and time
indicated, and that the data were digitized at a At of 1.5 seconds to obtain 1024
measurements. Suppose that the spectrum was resolved into 60 frequency bands with
a Af of 180_1. Each band would have about 17 degrees of freedom. Let the values
of §(fi) be computed from the time series of recorded values to be compared to the
values tabulated in Table 5; and let the significant height be computed according
to the appropriate equation.

Equation (75) becomes

17 §(fi)
?;—zgzj- < 27.6 y = 0.90 ‘ (87)

P {8.67 <

for the lowest seven frequencies, and, hence, for fi = 0,039

P (0.576 < S (6.039) < 1.83) = 0.90 (88)
For fi = 0.044

P (15.67 < S (0.044) < 49.89) = 0.90 (89)
For fi = 0,05

P (19.33 < §

(0.05) < 61.55) = 0.90 (90)

and so on. For f1 = (0,081 there are 34 degrees of freedoﬁ and roughly (for 30

degrees of freedom)
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P (9.60 < S 70.081) < :2.7) = 0.90 (91)

and so on,
The total degrees of freedom are found from Equation (79) except that S(fi)
and not S (fi) is used. There are 142 degrees of freedom.

Therefore, because the significant wave height from the SOWM is 55.5 feet

P (50.4 < H1/3

Thus the wave record obtained by the ship will yield estimates of the spectrum
such that nine times out of ten each of the fifteen values calculated from the wave
record will be between the bounds illustrated above for four of the bands. The
significant wave height will lie between 50.4 and 61.1, nine times out of ten.

This is really all that the SOWM can predict. The ship could actually experi-
ence waves considerably higher or considerably lower than 55 feet. The actual
values could be quite different from those predicted from Table 5. Yet, in a very

real sense, the prediction is still correct.

Were the SOWM actually perfect and had a fleet been present near the grid point,

some of the ships would have experienced higher waves and some lower. Had 20 spectra

been estimated from 20 different wave records, the averages of these spectra would
have 340 degrees of freedom. The average of the spectra would have been within +13
percent of the SOWM spectrum, nine times out of ten.

The total degrees of freedom would have been such that the average of the
variances of the individual wave records would have yielded a significant wave
height between 53 and 58 feet (nine times out of ten).

To go further, the chance that all 15 values of é(f ) would lie between the
calculated bounds for one 25-minute wave record is (0.9).5, or 0,206; the chance
that 14 out of the 15 would, is 1.5 (0.9)14, or 0.343; the chance that 13 out of
the 15 would is (1.5) (0.7) (0.9)'3, or 0.267; the chance that 12 out of the 15
would, 1is (0.5) (0.7) (1.3) (0.9)12, or 0,129; and, because these values sum to
0.945, the chance that 11 or fewer would is 0.055.

One time in 20, the significant wave height calculated from this hypothetical
wave reccrd would exceed the upper bound calculated for this example. Yet the
SOWM was assumed to be perfect. The ship captain that experienced this condition

uight well conclude that the forecast was wrong.
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Thus, there is an element of randommess, or unpredictability, in ocean wave
forecasts that must be understood by those who produce the forecasts and those who
verify the forecasts. This element ¢f randomness can be treated either by predict-
ing, as above, the amount by which an observation made at a verification time can
differ by chance from the prediction or by analyzing the verification data in terms
of fiducial confidence intervals on the estimates of the spectra and wave heights
that they provide.

Because the SOWM is clearly not a perfect wave specification and forecasting
model, there will be discrepancies between what it predicts and what the observa-
tions show. Because the observations inherently have large sampling variability,
the inconsistencies of the SOWM, or of any other model, are difficult to identify,
isclate, and correct. -

The literature on wave forecasting models rarely, if ever, mentions these
considerations with reference to the problem of verification, and the development
of the model. Some authors scem both disappointed and surprised (and perhaps even

embarrassed) when the wave heights and frequency spectral predicted by their model

do not verify perfectly.

COMMENTS
When Tukey first discovered these techniques of power spectral estimation, the
fast Fourier transform was unavailable,11 It was discovered a number of years later.

For this reason the estimation of wave spectra during the early days of the study

of ocean waves was based on a number of equations operating on the time series that
effectively ended up dcing the same thing as Equation (74), but that did it in a
different way.80 These operations were all variations of roughly the same scheme.
They consisted of lagging the time series with itself and taking the products of
lagged sums over that part of the series that still overlapped to form an estimate
of the covariance function; that is, the correlation of the time history will itself
delayed by an integer number of At's. The covariance function would be computed for
perhaps 10 or 20 percent of the length of the original record. Tt would be an even
function of the lag, and it could be expanded as an even function about the origin,
The Fourier transform cf this covariance function was then computed in order to
ohbtain a raw estimate of the spectrum. The difficulty with thie particular pro-
cedure was that the weight functions that result are negative for some values.

Typically one could obtain, for rapidly varying spectrs, a negative ectimate of the

151




variance in a given frequency band. A negative estimate of a variance is highly
disconcerting. Tukey showed that a linear combination of three such estimates by
any one of several weighting procedures would usually eliminate these negative side
lobes in the weight function and produce a series of spectral estimates as the
function of frequency that had many desirable properties. These weight functions
were roughly triangular in shape and overlapped adjacent frequency bands. References
and details of these types of procedures are contained in various sources such as
References 80, 15, and 83.

Two of the smoothing operators that were used were called Hanning and Hamming.
They yield ever so slightly different spectral estimites.

Other spectral estimates guaranteed absolutely no negative side lobes. These
very fine techniques in the pre-fast Fourier transform era were concerned with
problems for which the spectral estimates could vary over pevrhaps four corders of
magnitude as a function of frequency. They were concerned, for example, with
whether or not very low values were contaminated by leakage in the spectral filters
from the high values. Most of these problems are no longer as pressing as they
were at that time because of the ability to carry out fast Fourier transforms. An
investigator who is interested in functions of time that can have frequency content
that varies over several orders of magnitude need only to be concerned today with

the number of significant figures that are carried in the original time series.

Round off and truncation errors can produce a white noise background such that

extremely low values of the spectrum are hidden by this white noise background.

SPECTRAL OCEAN WAVE MODEL FREQUENCY SPECTRA
VERSUS PARAMETRIC REPRESENTATIONS
The literature to date has had a number of papers by various authors that have

been concerned with other ways to estimate spectra and with fitting spectra by means
of a set of parametric curves, Fo. various reasons, objections can be raised to the ;
JONSWAP spectrum on this basis and to the efforts to fit ocean wave spectra by a six
parameter family of curves. A six parameter representation, for example, is not

much of an improvement over che 15 values that define a SOWM spectrum as a function

of frequency. Even if it 1s successful and is capable of defining the shape of the
spectrum as well as the original SOWM values, nothing much has been achieved because
one still has to apply the spectrum to whatever practical application 1s required
over a continucus range of frequencies. The real problems of applying SOWM products
to problems in naval architecture lie in how well (and in what sense) the SOWM

spectra verify, in whether or not the frequency resolution is adequate for possible

152




R e i

ER N 2 e S S e AR S LA AN S Y

resonance phencmenon and in taking into the account the efiects of wave direction
as well as the vasiaticns of the spectra as a function of frequency. The progress
in this direction achieved in Reference 70 is most impressive.

EXAMPLES OF THE VERIFICATION OF BOTH SIGNIFICANT WAVE HEIGHTS AND FREQUENCY

SPECTRA IN TERMS OF SAMPLIRG VARTABILITY CONSIDERATICNS FOR MODELS SIMILAR
TO THE SPECTRAL QCEAN WAVE MUDFL

Efforts were made to develop the SOWM using the councepts just described, at
least in principal. Witk the techniques then available for geiting a wind field
and for a developmental version of the SOWM, data such as those in Figure 53 were
studied as also described in Reference 84. The four 6f-hourly specifications for 3
days (17, 18, and 1S Decewmber 1959) are compared with estimates of the spectra
cemputed from wave records obtained by the Tucker shipborne wave recorder.13’14

Two predicted spec .ra were compared with the spectrum estimated from a wave
record for each time. The histogram-like plet shows the predicted (Lindcast or
specified) spectra, and the estimaued spectrum plus its upper 95 percent and lower
5 percent confidence intervals are graphed by comnezting the estimatces by straight
lines.

4lso tabulated are the significant wave heights that were predinted and
estimated and the %0 percent coniidence intervals on the estimates. These numbers
are hard to read so they are repceted ia Table 11 except that only the best of the
two helghts is vsed. The neight predicted by the model can fall in any one of four
locations in the table relative to the estimated height and +ts 5 percent and 95
percent values for the ccnfidence interval.

The 90 percent cunfidence interval on tne estimate of the significant wave
height encloses the '"true" value of the wave height 9 times out or 17 by definition.
One time out of 10 it does not*. if the significant wave heights of a wave hind-
casting (specification n1r forecasting) model are contaired within the 9¢ parcent
confidence interval of a significant wave height estimated from an ocean wave time
hictory nine times out of tea, then the model is doing very well indeed.

For this particular test case, eight of the 12, (67 percent) of the hindcast
heights verified in this sense. Theve ought to have been about Il. Thus, the
model did not do well.

If the estimated height and the predicted height are compared in the usual

way, the bilas is +1.75 feet and the root mean square difference is 4.14 ieet.

*Be careful! What does this statement mean?
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Cleayrly ~he root rcean square valus could have been falrly large even 1f all of the
heights had verified!

Even though some of the heights verified, the spectra sometimes did not verify.
The low frequencies in the first predicted spectrum are much too high and the
spectral values are nowhere near the upper and lower bounds of the estimated spec-~
trum. The second predicted spectrum verifies extremely well. The third rumns
consistently too high, and so on.

The predicted heights range from 38 feet to 13.6 feet implying that one pra-
dicted spectrum will have 7.8 times the arca under it than the lowest. The esti-
mated heights range from 39.5 feet to 13.6 feet so that the areaes under the
estimated spectra varied by a factor of 8.4, The highest and the lowest waves aud
the next highest and the luwest spectra were predicted fairly well.

The current SOWM specifications in this climatology produced at FNOC are
available for December 1959, It would be interesting to redo this study, because
a very long series of spectral estimates are available.l4 The wind field anailyses
should be better and the final version of the SOWM described in the first part of
this paper is substantially diifferent from the version that was tested in this
example.

During SKYLAB it was thought that wave data might be an important pazt of the
study of S193, which was the radar on the spacecraft. TFortunacely this turned out
not to be the case for measuring winds over the ocean.37 However, to meet this
contingency, 20-minute long ocean wave time histories were obtained every hour when

SKYLAB would be anywhere near Weather Ship J.85 These records were sperirally

analyzed and the results were compared with hindcasts generated with & wave model
much more nearly like the current SOWM.53

The significant wave heights were estimated from the wave records obtained
each hour. Wave hindcasts were made for every 6 hours.

Some of the resuits are shown in Figure 54. The circled dots are the estimated
wave heights and the jagged lines above and below are the 90 percent confidence
intervals.

The diamonds are the hindcasted wave heights. Weather Ship J is not excctly
at a grid point of the model but lies within a triangle of three grid points. ihe
spectra at these three grid points were recovered. A plane was put through the three
values for each frequency direction component for the three points and the lucation

of J on this plane was found to compute by interpolation the vaiue of S(ft,ej)
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for the location of the ship., The significant wave height was then computed from
this interpolated spectrum. The result is shown as the ciamonds in Figure 54. The
horizontal dots above and below the diamonds represent the highest and lowest
significant heights for the three grid points of the model that surround the weather
ship. The gradients of wave height (and hence even-more for spectra) over one grid
distance are thus quite large.

For 4 to 5 January 1974, the estimated wave heights fluctuate erratically, but
2 horizontal line a* about 8.3 meters could fit the estimates equally well. For
6 to 7 January, a marked decrease in wave height over the 15 hours of data is re-
quired for any smooth curve between the confidence intervals, and similarly for
7 to 8 January.

The jagged behavior on 8 January mey or may not be real. The waves almost
surely first decrease and then increasc on 9 January.

The hindcasts miss part of this erratic variation and seem to be much smoother
than the estimates. This similarity as a function of time at a fixed point to the
variation of the waves as a function of distance along a line in the altimeter data
is a feature of waves that 1s not currently predictable for reasons given above.

It was possible to compare nine wave height hindcasts as shown in Table 12.
Four of the nine (instead of about eight of the nine) fell within the 90 percent
confidence intervals of the wave height estimate. Yet, computed the usual way the
bias was only -0.06 meters and the root mean square error was only 0.83 meters.
Ways to interpret rool mern square errors when there is an effect of sampling
variability in the estimates used to verify a wave forecasting (specification) model
will be illustrated later. There is clearly a minimum (not zero) value that can be
achieved beccuse of the effect of sampling variability. A wave model that con-
sistently verified to within *5 percent of wave heights computed from 20 minute
long wave recordrs is obviously a fraud. The model would have to have extrasensory
perception!

The interpolated spectra from the model were compared to the estimated spectra
as shown in Figure 55. The histogram-like plot is the model spectrum. The circled
points are the esitimates from a time history and the vertical lines with bars at
the top and bottom are the 90 percent confidence intervals. All but the last con-
fidence interval enclose the model spectrum value so that this spectrum verifies
quite well. The computed wave height from the model compares well with the observed

(est.mated) wave height from the wave record differing from it by -0.75 meters.
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height despite the good spectral agreement.

From figures such as Figure 55 for the nine available spectra, a count was
made as to whether or not the confidence interval of the estimated spectrum enclosed
the model spectrum. The results ave shown in Table 13. The first two bands
essentially contained no spectral variance and the model predicted that they would
not as shown by the ones in the table. Band 3 was fairly good, but bands 4 and 5,
which were near the sharp increase in the spectrum, were not predicted well.

Out of a possible 126 spectral bands for the mod=l, 104 bands or 33 percent,
fell within the 90 percent confidence intervals of the spectral estimates. There
should have been about 1!3 bande (90 percent). ¥Xven with this criterion, the model
was not quite good enough.,

There are statistics involved with the statistics of this table. The number
of ones has a binomial distribution with a sample size of 12¢ and a probability of
0.9. The expected value of the number of ones is 113.4 and the standard deviation
is about 3.37, so that 95 times in 100, the number of ones snoculd fsll between
106.7 and 120.1. Because only 104 successes were obtained, the number of successes
is somewhat less than what could occur by chance (but not completely unreasonable),

The spectra for this series are also available.53 If the SNWM hindcasts cover
the above period, a comparison along these same lines would be beneficial.

The last example of this section is for a model developed to hindcast hurricane
waves in the Gulf of'Mexico.51 The grid points were 20 nautical mi’es apart, the
time step was one hour, wave refraction effects were incorporated for shallow water,
and many aspects of the model were similar to the SOWM. The spectra were resolved
into 24 direction bands instead of 12.

Figure 56 shows significant wave height in feet as a function of time at three
locations during Hurricane Camille. The solid and dashed lines represent the model
values at two grid points. The points are the estimated wave heights at the loca-
tions shown near the grid points and the 90 percent confidence intervals.

Wave heights estimated from wave records at Station 1, which is about halfway
between the two plotted grid points, agree with the model values during the last
part of the plotted period. If the wave heights at Station 1| were the average of
the heights at the two grid points, then _he model could be said to verify withlin
the 90 percent confidence interval at seven of the 15 times for which the heignhts

were estimated.

161




. A R LI U L T T D Y T R R Y sy e g e

TABLE 13 -~ NUMBER OF TIMES 90 PERCENT FIDUCIAL CONFIDENCE INTERVAL OF SPECTRAL
ESTIMATE ENCLOSED SPECTRAL HINDCAST FOR 14 SPECTRAL BANDS AT WEATHER SUIP J

Hit Ratio J
f Band | 1/6/74 1/7/74 1/8/74 1/9/74 Sum | Percent
12z ] 18z 00z } 182z | 122 | 18z | 00z | 12z { 16z
17/25.7 1 1 1 1 1 1 i i i 1 1 9 100
1/22.5 2 1 1 1 1 i 1 1 3 1 9 100
1/206.0 3 1 1 1 1 0 1 1 i 0 7 78
1/18.0 A 0 1 1 1 0 0 0 1 4] 4 44
1/16.4 5 1 1 1 0 0 1 1 0 1 6 67
1/15.0 6 1 1 1 0 N 1 1 1 1 7 78
1/13.8 7 1 0 1 0 1 1 1 1 1 7 78
1/12.9 8 i 1 1 1 1 1 1 1 1 9 100
1/12.0 9 1 1 1 1 1 1 0 1 1 & 67
1/10.9 10 1 1 1 1 1 1 1 1 1 9 100
1/9.7 11 1 i i 1 0 0 1 1 1 7 78
1/8.6 12 0 1 1 1 1 1 1 1 0 7 78
1/7.5 13 i 1 1 0 1 1 1 1 1 8 89
1/6.5 14 0 1 0 1 1 1 1 1 1 7 78
Sum 11 13 13 10 9 12 12 13 11 104
Percent 79 193 133 |71 §64 86 |86 |93 |79 83
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Figure 56 (Continued)
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Figure 56b - Time Historles of Measured and Hindcast Significant Wave Helght at i
Stations 2 and 3 for the Hurricane Camille Hindcast
(From Reference 51) '
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For Station 2, with grid point 801 as the verification of the hindcast, eight
out of 16 verify, and for Station 2, with the average of €74 and 875 used as the
model hindcast, 10 out of 18 verify. The ectimates of th~ wave height vary much
more smoothly for these data than they did for the proceeding SKYLAP study.

Figures 57 and 58 show verifications of three frequency spectra of hurricane
waves duving Camille. Figure 57 shows a spectrum plotted in a way that i~ somewhat
deceptive based on the discussion of Figure 36, owever, if only the values at the
frequencies corresponding to the circled points are studied for the estinated
spectrum and its confidence intervals, it is seen that the model spectrum falls
everywhere within the confidence intervals. There are 12 successes out of 12 tries.
The estimated wave height is 43.13 feet with a confidence interval of 48.3 to 39.02
feet (a range of 9.28 feet) and the model predicted 44.88 feet.

For the other two spectra, in Figure 58, there are 22 successes out of 24 tries,
so that for all three spectra there are 34 successes out of 35 tries or 94 vercent
success, which is jusﬁ about right. The confidence intervals on the estimate of
the height enclose the predicted height for both spectra.

Since only 25 out of 49 heights appear to verify in Figure 56 (or 51 percent,
instead of 90 percent), the model clearly could be improved. The verificaticn of
the spectra fer peak wave conditions at the various stations was, in general, quite
good. Ncte that in all three of the spectrai comparisons, the peak of the estimated

spectrum was higher than the peak of the model spectrum.

VERIFICATION OF THE SPECTRAL OCEAN WAVE MODEL CLIMATOLOGICAL
PRODUCTS AS COMPARED TO ESTIMATED SPECTRA AND SIGNIFICANT
WAVE HEIGHTS IN TERMS OF SAMPLING VARIABILITY

The SOWM spectra specified by the operational version have been compared with

3,86 Because the wind fields

estimated spectra during the development of the model.
have been improved and because the present S0WM dlffers from the models described
sbove in some of 1its details (as described et the end of the Propagatc section)
these comparisons cannot be used to evaluate its present acc‘.uracy.”’a7

The statistical procedures that have just been illustrated can be applied to

14,88 56 as Lo provide an

the large set of spectral analyses that are available
extensive set of comparisons for spectra and significant wave heights. The data of
Reference 72 are all potentlally capable of beiny interpreted in ways similar to
the examples given above.

It is possible to make a preliminary analysis of 15 comperisons based on plots

of spectra given in Reference 70 as graphed in Figure 59. The times for the data
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Figure 57 - Wave Spectrum Verification for Hurricane Camille
(From Reference 51)
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? ; increase reading from top to bottom and then irem left to right so that the three
plots in the left hand columi correspond to 25, 26, 27 November 1966, and so on.
Each date (except B December 1966) shows two SOWM spectra connected by circles and
squares for 09z and 15z and an estimated spectrum, based on data tabulated in
Refurence 88 for 12z along with the significant wave heights corresponding to each

spectyum,
The SOWM spectrs are not synoptic with the estimated spectra. This immediately

intrcduces an additional problem especially in view of the results graphed in Figure
54. For comparison with the estimated spectra, the SOWM spectra at the synoptic
time need not necessarily be the one obtained by a linear interpolation of the two

s . s

SOWM products, one 3 hours before and one 3 hours after the time of the estimated
oo spectra.

‘ | Similarly, interpolating the heights (which is the equivalent of connecting

) : the points in Figure 13 by straight lines) implies a spectrum that would not be

b obtained by interpolating the spectra linearly in Figure 59,

E The vertical axes on these spectra are in units of meters2 seconds and the

! horizontal axes are in radians seconds—l. The scale on the first one is from 0 to
3; for the second, it is from O to 6; and then, ordered in time, the scales are 0

to 12, 0 to 6, O to 6, C to 12, 0 to 3, O to 60, O to 60, O to 60, O to 60, O in 3,
and O to 1.8, In contrast to Figure 53, where all scales are the same and the
spectra grow and shrink, the scales in Figure 59 grow and shrink and the spectra all
look somewhat the same. In fact, if the spectra for NW 320 on 8 December and NW 321

on 14 December were plotted on the same graph, the peak of the first would be 33
times higher than the peak of the second, and the area under the first spectrum
would be 29 times the area under the second.

Table lu4 is an attempt to score these 13 cases in a way similar to those done
above. For each day except 8 December three times are shown. The SOWM predictions
are for 09z and 15z. The significant height estimates and confidence intervals are
for 12z. The SOWM height predictions have been interpolated linearly to 12z and
tabulated in parentheses. Each prediction falls in cne of four possiple colums
relative to the estimated wave height and its upper and lower 90 percent confidence
interval. 1If it ie less than the lower or greater than the upper the prediction
does not verify. Of the 37 possibilities, 17 verify in this sense. For the 13 days
involved, at least one of three verified 11 times, The interpolated height verified
six out of 11 times. Were the S™WM rerun for interesting synoptic situations such
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as this one, the question arises as to how often the SOWM wave heights would verify
for the results of that time step that produced the 12z values.

An alternate way of scoring is to compute the difference between the inter-
polated predicted height and the estimated height as tabulated in the AH column.
The bias for this kind of verification is 0.35 meter and the root mean square value
is 0.88 meter. Clearly, these quantities are misleading because they contain the
effect of sampling variability in the estimated wave heights that cannot be pre-
dicted and that therefore should not be used in assessing the errors of the SOWM.

The last two columns attempt a qualitative judgement as to how well the spectra
verify. The P refers to the peaks of the spectra and the HFT refers to the high
frequency tail. A Y (Yes) for the peak means that a typical 90 percent confidence
; interval is judged to enclose the SOWM peaks, an N means it would not or that the
frequency content as low frequencies is not correct. The asterisk on the N for NW
29 means that the 12z SOWM spectrum could easily have verified if it were available.
The question mark for 14 December is there to point out that, if this spectrum
were drawn to the same scale as the set of three for 8 December, it would appear to
verify quite weil. The SOWM has predicted that the spectral values are all very low
i compared to those earlier in the period for this particular time., The HFT column
; (for High Frequency Tail) shows whether the SOWM is too low (L) too high (H) or
% close (C) tu the estimated spectrum for high frequencies compared to typical confi-
dence intervals for the higher frequencies. The overall fit at high frequencies is
good except for the first two spectra and the last spectrum., More quantitative
results would require a table similar to Table 13,

THE SEPARATION OF SPECTRAL OCEAN WAVE MODEL ERRORS FROM SAMPLING
VARIABILITY EFFECTS

The sampling variability of an ocean wave record produces deviations from the
spectra and wave heights predicted by the SOWM. There is an irreducible minimum
below which the differences between the SOWM predictions and the spectra and wave
heights obtained from wave records cannot be reduced. Let HS be the SOWM signifi-
cant height; HE’ the significant height estimated from a wave record; and HT be the

"true" value of the significant height. Then

1. 2 1 2
§F (g - HYT = or (Mg - M) = (B - Hp))
(93)

R O L R LR Y
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The lefthand side of Equation (93) is the usually computed quantity. Various
values for it have been given in preceeding sections. The first term in the right-
hand side is the "true" error of the SOWM. The second term is more or less liable
to be nearly zero because sampling variability will make the second term in the
product alternately positive and negative so that the sum will tend to zero.

The last term can be estimated. The estimate of the significant wave height is
an estimate of the "true" value. The variance of the wave record has an épproximate
Chi Square distribution with a TDF given by Equation (79). The Chi Square variable,
u, for a large number of degrees of freedom is such that YZu - V2k-1 (where k is
degrees of freedom) is a unit variance, zero mean normal variable. The 90 percent
range for the significant wave height, given the upper 95 percent value and the
wave height, will be normally distributed because of this relationship. The standard
deviations of the estimates of the significant wave height can be estimated from

1

SD = {65 (HU - HE) (94)

Thus, from Table 15, the lefthand side of Equation (93) and the last term on
the righthand side can be found. This yields

1 2
0.88 = N z (HS - HT) + 0.31 (95)

For the 13 values given in the table, where the SOWM height is the interpolated
value for all but one entry, it then follows that

1

. 2
Nz (Hs"H’r)

= 0.59 (meters)? (96)
and that

Hs = H ¢t 0.75 meters 97)
About 35 percent of the variability of the waves when comparing the SOWM to wave
height 1is explained, in terms of variance, by the sampling variability of wave

measurements, or estimates, and the remaining difference of 65 percent is attribut-

able to errors of the SOWM for this example.
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TABLE 15 - ERROR BUDGET FOR SPECTRAL OCEAN WAVE MODEL SIGNIFICANT WAVE HEIGHTS
DURING PART OF NOVEMBER AND DECEMBER 1966

Date 1966 RIE R /3 HH, | TDF SD Hy—Hy
SOWM Est. Upper °

25 Nov 4.15 4.20 4.50 0.30 | 278 | o.18 0.05

26 Nov 5.30 4.70 5.20 0.50 | 130 | 0.30 0.60

27 Nov 6.85 7.60 8.30 0.70 171 | o0.42 0.75

29 Nov 4.80 4.70 5.20 0.50 130 | 0.30 0.10

30 Nov 5.50 5.00 5.60 0.60 103 | 9.36 0.50

01 Dec 6.75 7.20 7.90 0.70 154 | 0.42 0.45

03 Dec 3.50 3.10 3.40 0.30 155 | 0.18 0.40

03 Dec 9.10 11.00 12.40 1.40 92 | 0.85 1.90

06 Dec 10.00 11.50 13.00 1.50 88 | o0.91 1.5C

08 Dec 11.80 12.80 13.90 1.50 102 | o.91 0.60

08 Dec 12.80 | 13.69 15.10 1.50 66 | 0.91 0.80

E 13 Dec 2.85 3.80 4.10 0.30 230 | 0.18 c.95

% 14 Dec 3.15 2.30 2.50 6.20 191 0.12 0.85
]

} As computed from the talt:le

1 . 2 _ 1 _ 2 _ 1 . _ 2
X I (HS - HE) = 0.88 and N h) (HE HT) = 0.31, Therefore N 5 gHS HT)

= 0.57.
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This example must be worked out for a much larger sample, preferably for actual
instead of interpolated SOWM heights before stable values can be found. However,
the example, at least, shows that a part of the Jifferences between the SOWM and the
estimated wave heights is explainable in terms of sampling variability.

THE VERIFICATION OF SWELL
Little data are available to verify the swell heights and the swell spectra of

the SOWM, plus usually a local sea, in subtropical highs, the trade wind areas and,
for example, uff the coasts of California and North Africa. One study of the SOWM
spectra near Trinidad showed that the swell in the model behaved realistically and
vielded graphs similar to those obtained from actual wave dat:a89’90 such that the
distance to and the general location of the generation area can be found. Also, for
the area studied, most of the spectral variance of the waves locally was imported
as swell and less than half was produced by the local wind.

There is concern about the angular granularity of the SOWM and its effects on

swell. Because the climatology has already been produced with the current model

any corrections for errors introduced in this way will have to be after the fact.

THE JONSWAP SPECTRA

The spectrum of a fetch-limited sea would be like one of the curves in Figure 5
according to the SOWM. The family of fetcl-limited spectra is quite variable when
the controlling form of a fully developed sea as an upper bound, which varies
considerably as a function of wind speed, is considered. The variation of the wind
over a fetch also complicates the interpretation of fetch effects.

In this context, objections to the JONSWAP spectral parameterization procedures
have been raised.65 A major point that was made was that scaling spectra according
to f/fm, where fm is the spectral peak, biases the data and the wave model. If a
spectrum is actually fairly smooth for three or so bands across its peak, picking
that spectral estimate that is the highest practically always guarantees that it
will be an overestimate. Further use of such a model is then bound to yield mis-
leading results.

The figures that compare model spectra with estimated spectra in preceeding
sections often show an estimated peak that exceeds the model peak. BRad other wave
records been available from nearby lccarions within the scale of the model, the
peaks in the spectral estimate would shift back and forth over several spectral

bands and each estimate would have the appearance of being more peaked than the
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model spectrum. This type of variability ought to be trested in the applications
of the model to particular problems and not built into the model.

The phenomenon of overshoot and the nonlinear transfer function used in some
wave models can both be data processing artifacts instead of actual physical

phenomenon. Further research in these problem areas is needed.

THE VERIFICATION OF FREQUENCY DIRECTION SPECTRA

No data are available for the routine verification of spectra such as those
given in Tables 5 and 6. There have been data obtained during the past 20 years of
a scientific nature that could be used for verification purposes, but this has not
been done.

If the frequency-direction spectra were badly in error, the frequency spectra
and the hour-by-hour wave height variations that have been illustrated would not
have verified well. Tne general accuracy of the frequency-direction spectra can be
inferred by default in this way. Nevertheless, a verification effort for the SOWM
spectra 1s needed, especially for the purpose of the development of improved fore-

cast models.

AN ASSESSMENT OF THE SPECTRAL OCEAN WAVE MODEL WAVE CLIMATOLOGY

The SOWM wave climatology differs from all previous open ocean compilations of
wave data that have been used to understand the wave environment. These previous
compilations were based on wave heights and periods as reported by transient ships
by means of the World Meteorological Organization's (WMO) code.91

These ship reports have become increasingly questioned. A few years ago the
code was changed, and, prior to that time, waves with heights of 5 meters and 10
meters were overreported compared to their actual frequency of occurrence because
of peculiarities of the code. For the same reason, waves over 10 meters were not
sufficiently rzported. Recent studies indicate both a bias and a large scatter
when ship repcrts are compared to wave measurements made by a national data buoy.

A single period, of any value, is hardly a valid description of a wave system,
There are many different kinds of '"periods" that can be computed from a frequency
spectrum such as the "period" associated with a spectral peak and at least two
different '"periods" that can be computed from the spectrum. Although various ways

to convert ship reports of wave heights and wave periods to spectra have been pro-



posed, none of them can possibly preserve the information in an actual wave spectrum
or in the spectra specified by the SOWM.

Ship reports of wave heights and periods also include a provision for reporting
both sea and swell. The imstructions in the WMO code are hardly adequate for
differentiating between sea and swell, and the reports for the swell group usually
show that the observers cannot properly separate sea and swell.

Also, ship reports are concentrated on the international shipping lanes so
that vast areas of the oceans are ravely wisitcd by a ship. The current available
ship report statistics for some cof the ocean areas may be unreliable because of poor

samnie size., For the SOWM, these same ships are used to determine the meteorological

fields to be used to compute the waves. These meteorological fields can, ipn general,
be interpolated and extrapolated int: areas with no data more accurately than can

the corresponding wave fields. Thus by its very nature, the SOWM provides o uni-~
form coverage. There are, however, probably some areas for which the SOWM may be
biased because of the lack of ship reports to define the wind field.

A comparison of SOWM height distributions with a conventional climatology shows
that the SOWM calls for a higher incidence of high waves.70 This difference appears
X to be buth realistic and correct. The Institute of Oceanographic Sciences has
published numerous compilations of wave statistics based on measurements made by
SN the Tucker shipborne wave recorder.92 A comparison of the SOWM statistics with
i these data could provide a calibration point for the SOWM climatology.

‘ The available statistics on comparisons of the SOWM with wave data of various

f kinds all suggest a negligible bias for the SOWM of at most a few tenths of a meter,
‘ The root mean square differences between the SOWM and wave height measurements have
ranged from 1,20 meter through 1.00 meter and as low as 0.80 meter. A part of this
root mean square differcnce is the result of sampling variability and soc the errors
of the SOWM for middle latitudes may actually be as low as 0.7 to 0.8 meter.

The limited amount of data that have been used to verify the SOWM frequency
spectra show that the SOWM tracked the variations in the estimated spectra fairly
realistically. Much more needs to be done in the area of the verification of
frequency spectra, especilally in view of the effects cf the improved wind fields ;
and the FNOC modification, which was described at the end of the section on Pro-
pagate, on the performance of the model. Ways to verify frequency spectra have been

ililustrated. The data must be interpreted with great care.
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Despite concern at the beginning with the accuracy of the winds that are used

in the SOWM, the available data co not seem to show that rather large root mean

square errors in the winds (even after correctivn) have generated large root mean

syuare errors in the waves. From about 1976 onward, it was not necessary to correct

R the FNOC winds in the way that was described in the section on the verification of
i the winds. A possible explanation may be that the errors in the winds have
oscillated above and below the correct values both in space and time and that the
integrating effect of the SOWM calculations on the input winds has ylelded output
waves nearly in accord with reality.

Two last precautions are required before ending this analysis. They are con-
cerned with the verification of swell and with the variability of the waves that
has been observed over both small spatial dictances and short time intervals. Both
of these features require further scientific study and analyses; and both have been
discussed in various sections of this paper. Care should be taken that the wave
climatology have built in factors of protection against errors that may be intro-

duced into it because of these effects.

ACKNOWLEDCMENT
he contents of this report do not necessarily reflect official Navy or

DTNSRDC policy.
3 The responsibility for all statements of fact rests with the author.

178




REFERENCES
1. Pierson, W.J., L.J. Tick, and L. Baer, "Computer~based Procedures for
Preparing Global Wave Forecasts and Wind Field Analyses Capable of Using Wave Data

Obtained by a Spacecraft," Proceedings of the Sixth Naval Hydrodynamics Symposium

Publication, ACR-136, Office of Naval Research, Department of the Mavy, Washington,
D.C. (1966)

.

Forecasting Models," Report for SPOC/NESS/NOAA, CUNY Inst. of Mar. and Atmos. Sci.,
City Coll. of the City Univ. of N.Y. (1974) (Available from Spacecraft Oceanography

2. Salfi, R.E., "Operational Computer-Based Spectral Wave Specification and

; Group, National Oceanic aad Atmospheric Administration, Washington, D.C.).

3. Lazanoff, S.M. and N. Stevenson, 'An Evaluation of a Hemispheric Operational
Wave Spectral Model," Tech Note 75-3, Fleet Numerical Weather Center, Monterey,
Calif. (1975)

4. Pierson, W.J., G. Neumann, and R.W. James, "Practical Methods for

Observing and Forecasting Ocean Waves by Means of Wave Spectra and Statistics,"

H.O0. Publicatior 603, U.S. Navy Hydrographic Office, Washington, D.C. (1955)

5. Baer, L., "An Experiment in Numerical Forecasting of Deep Water Ocean
P Waves," LMSC-801296, Lockheed Missile and Space Co., Sunnyvale, Calif. (1962) (Also
Ph.D. Thesis, N.Y. Univ.).

i 6. Gelchi, R. and P. Chavy, "Seven Years of Routine Numerical Wave Pre-
diction with the D.S.A, 5 Model," in Favre, A. and K., Hasselmann, Editors, Turbulent !
Fluxes Through the Sea Surface, Wave Dynamics and Prediction, Plenum Press, 677 pp.

(1978)
7. Lazanoff, S.M. and N.M. Stevenson, "A Twenty Year Northern Hemisphere

Wave Climatology,'" in Favre, A. and K, Hasselmann (1978): Editors. Turbulent Fluxes j
Through the Sea Surface, Wave Dynamics and Prediction, Plenum Press, 677 pp. (1978)

8. Barnhart, C,L. (Editor), "Thorndike-Barn-art Comprehensive Desk

é Dictionary, Country Life Press. (1951)

: 9. Anonymous, 'Forecast Impact Study: To Study the Effects of Quality
%
!
:

E 179

Environmental Data on Numerical Analysis and Forecast Model," Final Technical
Report Task 5 Significant Wave Heights Comparisons, Ocean Data Systems Inc.,
Report Prepared for Jet Propulsion Laboratory. (1980)




10, Miles, J.W., Comments on Reference 1, page 529 of ACR-136. (1966)

11. Tukey, J.W., "The Sampling Theory of Power Spectrum Estimates." Symposium
on Application of Autocorrelation Analysis in Physical Problems. Woods Hole,
June 13, 1949, NAVEX0OS 0-735, Office of Naval Research (1949)

12. Pierson, W.J., and W. Marks, "The Power Spectrum Analysis of Ocean-Wave
Records." Trans. Amer. Geophys. Un., Vol. 33, No. 6, pp. 834-844. (1952)

13. Tucker, M.J., "A Shipborne Wave Recorder." Trans. Inst., Naval Arch.,
Vol. 98, pp. 236-250 (London). (1956)

14, Moskowitz, L., W.J. Plerson, and E. Mehr, '"Wave Spectra Estimated From
Wave Records Obtained by the OWS Weather Explorer and the OWS Weather Reporter, I,
II and III." Prepared for the U.S. Naval Oceanogr. Office. School of Engineering and
Science, New York University. (1962, 1963, 1965)

15. Neumann, G., and W.J. Pierson, "Principles of Physical Oceanography,"
Prentice-Hall, 545 pp. (1966)

16. Thomasell, A. and J.G. Welsh, "Studies of the Specification of Surface
Winds over the Ocean." Travelers Research Center, Prepared for U,S, Naval Oceano-

graphic Office., (1963)

17. Cardone, V.J., "Specification of the Wind Field Distribution in the
Marine Boundary Layer for Wave Forecasting." Rep. JR-69-1, Geophysics Science Lab.,
New York Univ. (1969)

18. Kinsman, B., "Wind Waves, Their Generation and Propagation on the Ocean

Surface.'" Prentice-Hall. (1965)

19, Cote, L.J., et al, "The Directional Spectrum of a Wind Generated Sea as
Determined from Data Obtained by the Stereo Wave Observation Project." Meteor Pap.,
Vol. 2, No. 6, 88 pp., New York Univ. Press. (1960)

20. Longuet-Higgins, M.S., "The Effects of Non-Linearities on Statistical
Distributions in the Theory of Sea Waves." J. Fluid Mech., 17(3), pp. 450-480.
(1963)

21. Tayfun, M.A., "Narrow Band Nonlinear Sea Waves." J. Geophys. Res., Vol.
85, Mo. C3, pp. 1548-1552. (1980)

180




22. Kuo, Y.Y., H. Mitsuyasu and A, Masuda, "Experimental Study on the Phase
Velocity of Wind Waves.” Part I, Laboratory Wind Waves Res. Inst. Appl. Mech.,
Kyushu Univ., Vol. XXVII, No. 83, pp. 1-19., Part 2, Ocean Waves, Ibid, No. 84,
pp. 47-66. (1979)

23. Pierson, W.J. and L. Moskowitz, "A Proposed Spectral Form for Fully
Developed Wind Seas Based on the Similarity Theory of S.A. Kitaigorodskii.” J.
Geophys. Res., Vol. 69, No. 24, pp. 5181-5190. (1964)

24, Moskowitz, L., "Estimates of the Power Spectrums for Fully Developed Seas
for Wind Speeds of 20 to 40 Knots." J. Geophys. Res., Vol. 69, No. 24, pp. 5161~
5179. (1964)

25. Pierson, W.J., "The Interpretation of Wave Spectrums in Terms of the Wind
Profile Instead of the Wind Measured at a Constant Height." J. Geophys. Res., Vol.
69, No. 24, pp. 5191-5203. (1964)

26. Stacy, R.A., "Spectral Analyses of High Frequency Gravity Waves Generated
by a Hurricane." Ph.D. Thesis, School of Engineering and Science, New York
University. (1974)

27. Mitsuyasu, H, and T. Honda, "The High Frequency Spectrum of Wind Generated
Waves." J. Oceanograph. Soc. Japan, Vol. 30, No. 4, pp. 2942. (1974)

28, Phillips, 0.M., "On the Generation of Waves by Turbulent Wind." J. Fluid
Mech., Vol. 2, No. 5, pp. 417-445, (1957)

29. Miles, J.W., "On the Generation of Surface Waves by Shear Flow." Part 1,
J. Fluid Mech., Vol. 3, pp. 185-204, (1957). Part 2, J. Fluid Mech., Vol. 6, pp.
568-582, (1959). Part 3, J. Fluid Mech., Vol. 6, pp. 583-598, (1959). Part &, J.
Fluid Mech., Vol. 13, pp. 433-448, (1962).

30. Phillips, 0.M., "The Dvuarics of the Upper Ocean." Cambridge University
Press, 261 pp. (1966)

31. Inoue, T., "On the Growth of the Spectrum of a Wind Generated Sea According
to a Modified Miles-Phillip's Mechanism and its Application to Wave Forecasting."
TR-67-5, Geophysical Sciences Laboratory Report, New York University, School of
Engineering and Science. (1967)

181




T o s T,

B e B

ey S
-

. i g
-

32. Hasselmann, K., "On the Nonlinear Energy Transfer in a Gravity Wave
Spectrum." Part 1, J. Fluid Mech. 12: 481-500. Part 2, Ibid 5: 273-281, (1963),

Part 3, Ibid 15: 385-398, (1962).
33. Hasselmann, K., Comments on Reference 1, page 530 of ACR-136. (1966)
34, Barber, N.F. and F, Ursell, "The Generation and Propagation of Ocean Waves
and Swell." Phil. Trans. Roy. Soc. A., Vol. 240, pp. 527-560. (1948)
35. Snodgrass, F.E., et al., "Propagation of Ocean Swell Across the Pacific,”
Fhil. Trans. Roy. Soc., Ser A, 259, pp. 431-497. (1966)
36. Ewing, G.C., (Editor) "Oceanography from Space," Reference No. 65-10,
Woods Hole Oceanographic Institution. (1965)
37. National Aeronautics and Space Administration, "Skylab EREP Investigations
Summary,’ NASA SP-399. (1978)
38. Science, Vol. 204, No. 4400, pp. 1405-1423. Fdight papers on SEASAT by
various authors. (1979)
39. Barrick, D.E., J. Wilkerson, et al., (Editors) "SEASAT Gulf of Alaska
Workshop II Report," NASA Jet Propulsion Laboratory Rept. 622-107. (1980)
46, Businger, J., R. Stewart, et al., (Editors) "SEASAT-Jasin Workshop,"
18-26 March 1980, Jet Propulsion Laboratory.
41. "Journal of Geophysical Research," Vol. 84, No. B8, devoted to articles
describing the scientific results of GEO5-3.
42. Queffeulou, P., A. Braun and C. Brossier, "A Comparison of SEASAT Derived
Wave Height with Surface Data," in Oceanography from Space, J.F.R Gower (Editor)
Plenum Press, (1981)%*
43. Beal, R.C., "Spaceborne Imaging Radar Monitoring of Ocean Waves," Science
Vol. 208, No. 4450, pp. 1373-1375. (1980)
- 44, Parsons, C.L., "GEOS-3 Wave Height Measurements: An Assessment During
High Sea State Conditions in the North Atlantic." J. Geophys. Res., Vol. 84,
No. B8, pp. 4011-4020. (1979)

*The figures used here do not appear in the reference cited. They were in the

original draft, and copies were provided by Dr. Queffeulou.

182




45. Pierson, W.J. and R.E. Salfi, "A Brief Summary of Verification Results for
the Spectral Ocean Wave Model (SOWM) by Means of Wave Height Measurements Obtained by
GEOS-3." J. Geophys. Res,, Vol. 84, No. B8, pp. 4029-4040. (1979)

46. Wellick, R.E., "Atmospheric Prediction Model Survey." Final Report for
JFL, Ocean Data Systems, Inc. (1976)

47. Gunther, H., W. Rosenthal, and K. Richter, "Application of the
Parametrical Surface Wave Prediction Model to Rapidly Varying Wind Fields During
JONSWAP 1973." J. Geophys. Res., Vol. 84, No. C8, pp. 4855-4865. (1979)

48. Golding, B.W., "A Depth Dependent Wave Model for Operational Forecasting,"
in Favre, A. and K. Hasselmann (1978) Editors. Turbulent Fluxes Through the Sea
Surface, Wave Dynamics and Prediction, Plenum Press, pp. 593-606. (1978)

49. Weare, T.J. and B.A. Worthington, "A Numerical Model Hindcast of Severe
Wave Conditions for the North Sea," in Favre, A. and K. Hasselmann (1978) Editors.
Turbulent Fluxes Through the Sea Surface, Wave Dynamics and Prediction, Flenum

Press, pp. 617-628. (1978)

50. Cavaleri, L. and P. Malanotte Rizzoli, "A Wind-Waves Prediction Model in
the Adriatic Sea,”" in Favre, A. and K. Hasselmann (1978) Editors. Turbulent Fluxes
Through the Sea Surface, Wave Dynamics and Predicticn, Plenum Press, pp. 629-646.
(1978)

51. Cardone, V.J., W.J. Pierson, and E.G. Ward, "Hindcasting the Directional
Spectra of Hurricane-Generated Waves.'" Journal of Petroleum Technology, pp. 385-

394. (1976)

52, Adamo, L.C., L. Baer, and J.P. Hosmer, "Icosahedral-gnomonic Projection
and Grid of the World Ocean for Wave Studies." J. Geophys. Res., Vol. 73, No. 16,
pp. 5125-5132. (1968)

53. Salfi, R.E. and W.J. Pierson, "A Verification Study of Hindcasted Wave
Spectra Based on Wave Data from Weather Ships J and K and Wind Data Obtained for
December 1973 and January 1974 during Skylab." Report for SPOC/NESS/NOAA, CUNY Inst.
of Mar. and Atmos. Sci.,, City Coll. of the City Univ. of N.Y., (1977) (Available
from Spacecraft Oceanography Group, National Oceanic and Atmuspheric Administration,

Washington, D.C.)

183

e e e K SR & L L L AL Rt 2 e i B sy R as et g



T e TR

R TR

oy e e R TR e T e
L

e e B eins e v e EE o ra aE  a Lh iah rhe Ll i et of L th ARk Lo k. vy T T

54. Forristalil, G.Z., "On the Statistical Distribution of Wave Heights in a
Storm." J. Geophys. Res., Vol., 83, pp. 2353-2358. (1978)

55. Longuet-Higgins, M.S., "On the Distribution of the Heights of Sea Waves;
Some Effects of Nonlinearity and Finite Band Widths." J. Geophys. Res., Vol. 85,
No. C3, pp. 1519-1523, (1980)

56. Kitaigorodskii, S.A., "Application of the Theory of Similarity to the
Analysis of Wind Generated Wave Mction as a Stochastic Process," Izv. Akad. Naul,
SSSR Ser. Geophys., Vol. 1, pp. 105-117, (1961) (English Edition pp. 73-80).

57. Pierson, W.J., "Comments on a paper by O.M. Phillips in Ocean Wave Spectra,
proceedings of a Conference, Prentice-Hall, Englewood Cliffs, pp. 179-190. (1963)

58, Barnett, T.P., "On the Generation, Dissipation and Prediction of Ocean
Wind Waves," J. Geophys. Res., Vol. 73, pp. 513-529. (1968)

59. Snyder, R.L., and C.S. Cox, "A Field Study of the Wind Generation of Ocean
Waves." 1Institute of Marine Science, U. of Miami and Scripps Institution of Oceano-

graphy, 40 pp. + figures and appendices. (1965)

60. Darbyshire, J., "An Investigation of Storm Waves in the North Atlantic
Ocean." Proc. Roy. Soc. A, Vol. 230, No. 1183, pp. 560-569. (1955)

61. Darbyshire, J., "A Further lnvestigation of Wind Generated Waves,'" Deut
Hydrogr., Zeit Band 12 Heft 1, pp. 1-13, (1959)

62. Comments by O.M. Phillips at a wave forecasting conference.
63. Lamb, H., "Hydrodynamics," 6th Edition, Dover Publications, 738 pp. (1945)

64. Hasselmann, K., D.B. Ross, P. Muller and W. Sell, "A Parametric Wave
Prediction Model." J. Phys. Oceanogr., Vol. &6, No. 2, pp. 200-228, (1976)

€5. Plerson, W.J., Comments on "A Parametric Wave Prediction Model.” J. Phys.
Oceanogr., Vol. 7, No. 1, pp. 127-134. (1977)

66. Hasselmann, K., D.B. Ross, P. Muller and W. Sell, Reply, J. Phys.
Oceanogr., Vol. 7, No. 1, pp. 134-137. (1977)

67. ¢calfi, R.E., "Spectral Ocean Wave Model Data Base Management System,
Technical Description and Computer Program Documentation," Tech. Rept. Prepared in
the Department of Energy, Contract DE-AC05-78ET20488, CUNY Inst., Marine and Atmos.
Sci., The City College. (1980) (Also available from DTNSRDC.)

184

j
;

Y




68. Lazanoff, S.M. and J. Kaitala, Data and information provided through a

personal communication.

69. Cummins, W.E. and S.L. Bales, "Extreme Value and Rare Occurence Wave
Statistics for Northern Hemispheric Shipping Lanes." Proceedings Fifth SNAME Ship
Technology and Research (STAR) Symposium, Coronadc, (June). (1980)

70. Bales, S.L., W.E. Cummins and E.N. Comstock, "Potential Impact of Twenty
Years Hindcast Wind and Wave Climatology on Ship Design," Paper presented at 17 Sept.
1980 meeting of the Chesapeake Section of the Society of Naval Architects and
Marine Engineers. (1980)

71. Dooley, A.L., "The Use of Geodynamic Experimental Ocean Satellite (GEOS-3)
Measurements of Significant Wave Height in a Verification Study of the Spectral
Ocean Wave Model (SOWM) at Fleet Numerical Weather Central.' Ph.D. Thesis, New York
University, 203 pp. (1978) '

72. Chen, H.T., H.H. Chen and D. Hoffman, "The Implementation of the 20-Year
Hindcast Wave Data in the Design and Operation of Marine Structures.' OTC paper 3644,
11th annual OTC conference, April 30-May 3, 1979, 9 pp. (1979)

73. Greenwood, J.A., A. Nathan, et al., "Radar Altimetry from a Spacecraft and
its Potential Applications to Geodesy." Remote Sensing of Environ. Vol. 1, No. 1,

pp. 59-70. (196Y).

74. Greenwood, J.A., A. Nathan, et al., "Oceanographic Applications of Radar
Altimetry for a Spacecraft.'" Remote Sensing of Environ. Vol. 1, No. 1, pp. 71-80.
(1969)

75. Fedor, S.L., T. Godbey, J.F.R. Gover, R. Guptill, G. Hayne, C. Eufenach,

and E.J. Walsh, "Satellite Altimeter Measurements of Sea State-An Algorithm
Comparison." J. Geophys. Res., Vol, 84, No. B8, pp. 3991-4002. (1978)

76. Walsh, E.J., "Extraction of Ocean Wave Height and Dominant Wavelength from
GEOS-3 Altimeter Data." J. Geophys. Res., Vol. 84, No. B8, pp. 4003-4010. (1979)

77. Priester, R.W. and L.S. Miller, "Estimation of Significant Wave Height and
Wave Height Density Function Using Satellite Altimeter Data." J. Geophys. Res.,
Vol. 84, No. B8, pp. 4021-4026. (1979)

185




78. Pierson, W.J., and R.E, Salfi, "Verification Results for the Spectral L
Ccean Wave Model (SOWM) by Means of Significant Wave Height Measurements Made by the
GE0S-3 Spacecraft.' NASA Contract Rep. NCR-62089, 234 pp., (1978) (Available from
National Technical Information Service, Springfield, Va.)

e e it £t e e i

79. Rice, S.0., "Mathematical Analysis of Random Noise." Bell System Technical
Journal, Vol. 23, pp. 282-332 (1944) and Ibid, Vol. 24, pp. 46-156. (1945)

80. Blackman, R.B. and J.W. Tukey, "The Measurement of Power Spectra from the
Point of View of Communications Engineering.” Bell System Tech. Jour. Jan. and
March, Vol. 37. (1958)

81. Mood, A.M., F.A. Graybill and D.C. Boes, "Introduction to the Theory of
Statistics," Third Edition, McGraw Hill, 564 pp. (1974)

82, Dalzell, J.F., "The 'Input-Output' Approach to Seakeeping Problems - Review
and Prospects; Seakeeping 1953-1973," T and R Symposium S-3, The Society of Naval
Architects and Marine Engineers. (1973)

83, Jenkins, G.M. and D.G. Watts, "Spectral Analysis and its Applications."
Holden-Day, 525 pp. (1968)

84. Pierson, W.J., "The Theory and Applications of Ocean Wave Measuring

Systems at and Below the Sea Surface, on the Land, From Aircraft and From

Spacecraft." NASA Contractor Report NASA CR-2646. (1976)

85. Data provided by J.A. Ewing of the Institute of Oceanographic Sciences.

86. Hayes, J.G., "Operational Wave Forecasting with the Ocean Wave Spectral 5
Model." The Technical Exchange Conference, EL Paso, Texas. (1976)

87. Based on a copy of the pruyram for the presently operational version
provided by Commander D. Honhart.

88. Hoffman, D, and M, Miles, "Analysis of a Stratified Sample of Ocean Wave
Records at Station India." SNAME, Technical and Research Bulletin No. 1-35 (May).
(1976)

89. Sylvester, W.B., "A SOWM Swell Verification Study: Extratropical Winter
Storm Forcing of the Wave Climate in the East of the Southern Caribbean Chain,"
Ph.D. Thesis, New York University. (1578)

186




it 2l duanich kel Sl i i S e b aki e AR i s & RSk A e b 2 Rtk La r i i ST SR AT TR

TR

90. Munk, W.H., Comments in Ocean Wave Spectra, pp. 158-160, Prentice-Hall,
(1963)

: 91. Hogben, N. and F.E. Lumb, "Ocean Wave Statistics." London, Her Majesty's
Stationary Office. (1967)

92. Draper, L., "Waves at Dowsing Light Vessel." Institute of Oceanographic

Sciences, Report No. 31, December (as just one example). (1976)

N 187




Copies

11

T e e e e

e v <

INITIAL DISTRIBUTION

CNO
1 NOP-952
1l R. James

ASN (RAST)/S. Hawkins

NAVMAT
1 ONT/0724/CAPT Young
1 JCM-5-106/R. Hall

NAVSEA

SEA 03R N. Kobitz
SEA 321 R. Keane
SEA 3213 E. Comstock
SEA 3213 W. Sandberg
SEA 3213 W. louis
SEA O6R C. Smith
SEA 61R4 H. Demattia
SEA 61433 F. Prout
SEA 61433 0. White
SEA 63R3 F. Romeno
SEA A. Franceschetti

o e e e e b

ONR 480

CNOC
1 CAPT Hughes
1 J. Ownbey

NOSC
1 Lib
1 B8143/R. Eastley

NUSC
1 Lib
1 3711/J3. Lee
NAEC/Lib
NADC/Lib
NATC/Lib
NSWC
1 Dahlgren/Lib
1 K44/R. Carson

1 White Oak/Lidb
1 G41/W. Walker

189

Copies

1

1

NCSC/Lib
CEL/Lib

NRL
1 Lib
1 L. Moskowitz

NORDA
1 Lidb
1 R. Hollman

NAVOCEANO
1 NGO Lib
1 3431/0. Von Zweck
1 3431/D. Smith

FNOC
1 CAPT P. Petit
1 S. Lazanoff
1 J. Zuver

NOCD/Asheville
NEPRF

PMTC
1 Lib
1 32532/R. Deviolini

NAVPGSCOL/L1b

USNA
1 Lib
1 R. Bhattacharyya
1 M. McCormick

NAVSAFECEN

USCG

Lib/5-2

G-MMT/12/W. Cleary
G-DMT-1/54/D. Walden
G-MMT-4/82/P. Cojeen

Pt e et

Maritime Administration Div.
of Ship Design

* ' .
.

2

i PR L e s A e ¢ 0 e



l
i
1
|
i

R i

Copies

1

12

. S, 0

NTSB/R. Johnson

NOAA

AMOL D. Russ

AMOL J. Overland
NESS P. Deleonibus
NESS J. Sherman
NHEML P. Black

NOS Lib

NOS H. Frey

NWS L. Baer

NWS Lib

NWS G. Flittner
EDIS/NEAD J. Bishop
NDBO K. Steele

il ol il N S REN

NASA
1 AAFO W.L. Jones
1 WALLOPS N. Huang
1 WALLOPS R. Stanley
1 GODDARD F. Jackson
USGS/E. Escowitz
JPL/A. loomis
EPA/D. Jones
NCC/Lib
CERC/L1ib
WES/Lib
ABS/H. Chen
APL/0. Conrad
MPR Associates/F. Sellars
ORI
Science Applications Inc./A. Kerwin
Rockwell International/L. Liong
Boeing Marine Systems/D. Stark

Bell Helicopter/p. O'Reilly

190

Copies

Sikorsky Aircraft/F. Camaratta
Ocean Routes, Inc,/N. Stevenson
Exxon Production Research Co.

1 K. Lambrakos

1 E. Lacour

Mobile Research & Development
Corp./W. Spring

Shell Development Co./E. Ward
McDonnel Douglas Corp./F. Dubois

Gulf Research & Development Co.
0. Oakley

Amocco Production (o. Research
Center

Cities Service Co./K. Schaudt
Maritech, Inec./L. Vassilopoulos

Designers and Planners, Inc.
W. Reuter

Hoffman Maritime Consultants
D. Hoffman

Field Research Lab/R. Stacy

Marine Enviromments Corp.
M. Earle

Ocean Weather, Inc./V. Cardone
Tetra Tech/M. Brandsma

Brown and Root, Inc./H. Chen
Hydronautics, Inc./Lid

Environmental Research and
Technology Corp./J. Hayes

The Glosten Associates, Inc.
B. Hutchison




Ve L R AL

Copies
20 CUNY/W. Pierson/Lib
1 U of Michigan/Lib
1 U of Delaware/Lib
2 U of California
1 Lib
1 R. Paulling
2 Webb Institute of Naval Arch.
1 Lib
1 E. Lewis
2 U of Florida
1 Lib
1 D. Harris

1  MIT/Engr Lib

1 Scripps Institution of Oceanography

T. Barnett
1 Johns Hopkins U/O. Phillips
1 U of Washington/R. Brown

1 U of Kansas/R. Moore

1l Institute of Storm Research
J+ Freeman
12 DTIC

1 Scott E. Dillion
9009 Linton St.
Silver Spring, MD 20901

1 Edward V. Lewis
97 Plymouth Drive, North
Glen Head, New York 11545

1 Dr. M. St. Denis
6750 Hawaii Kai Drive #1301
Honolulu, Hawaii 98625

1l Dr. B. Kinsman
Riva, MD 21140

191

Copies

Copies

- W
© OKKMKE | |

R S TR T B R e SR R T TR e e e
IR oo ek

Dr. D. Chelton
JPL
4800 Oak Grove Dr.
Pasadena, CA

Dr, C.C. Bates
136 West La Pintura
Green Valley, AZ 85614

NMI/Lib

CENTER DISTRIBUTION

Code Name
117

15 W. Morgan
152
154
156

1561 G. Cox
1561 A. Baitis
1561 S. Bales
1561

5211.1 Reports Distribution

522.1 Unclassified Library (C)
522.2 Unclassified Library (A)




